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Abstract 


When the dynamic equations are to be used to further our understanding of atmospheric 
phenomena, it is permissible to simplify them beyond the point where they can yield acceptable 
weather predictions. Through the use of double Fourier series, and with the omission of all 
but the largest scales of motion, the barotropic vorticity equation may be reduced to a system 
of three ordinary nonlinear differential equations. The analytic solutions of these equations are 
elliptic functions of time. The equations may also be solved rapidly by numerical integration. 

Particular solutions of the equations picture the motion of finite disturbances on a zonal flow, 
with exchanges of kinetic energy between the zonal flow and the disturbances accompanying 
the meridional transport of zonal momentum by the disturbances. Other solutions picture the 
initial growth and eventual cessation of growth of small disturbances on an unstable zonal 
current. Still further solutions picture the destruction of a stable zonal flow by large disturbances, 
and lead to a plausible hypothesis concerning index cycles in the atmosphere. 

Less extreme simplifications of the dynamic equations may be used when more complicated 
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atmospheric phenomena are to be studied. 


1. Simplification of the dynamic equations 


and the initial conditions 


The various phenomena which are observed 
in our atmosphere, and the changes in the 
state of the atmosphere from one time to 
another, are supposedly governed by a set of 
physical laws. The dynamic meteorologist 
does not usually regard the discovery of these 
laws as one of his tasks, being willing to 
concede that the laws have already been 
established, at least in approximate form, by 
workers in other fields. Instead, he includes 
among his problems the prediction of future 
states of the atmosphere by means of these 
laws, and the explanation of typical observable 
phenomena in terms of these laws. He ordi- 
narily finds it convenient to express the laws 
as a set of mathematical equations. 

1 The research resulting in this work has been sponsored 
by the Geophysics Research Directorate of the Air 


Force Cambridge Research Center, under Contract No. 
No. AF 19 (604)-1000. 
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In order to make the best attainable forecast 
of the future weather, it would be desirable 
to express the physical laws as exactly as pos- 
sible, and determine the initial conditions as 
precisely as possible. Yet the ultimate achieve- 
ment of producing perfect forecasts, by 
applying equations already known to be 
exact to initial conditions already known to 
be precise, if such a feat were possible, would 
not by itself increase our understanding of 
the atmosphere, no matter how important it 
might be from other considerations. For 
example, if we should observe a hurricane, 
we might ask ourselves, “Why did this 
hurricane form?” If we could determine the 
exact conditions at an earlier time, and if we 
should feed these conditions, together with a 
program for integrating the exact equations, 
into an electronic computer, we should in 
due time receive a forecast from the computer, 
which would show the presence of a hurricane. 
We then might still be justified in asking why 
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the hurricane formed. The answer that the 
physical laws required a hurricane to form 
from the given antecedent conditions might 
not satisfy us, since we were aware of that 
fact even before integrating the equations. 

It is only when we use systematically imper- 
fect equations or initial conditions that we 
can begin to gain further understanding of the 
phenomena which we observe. For if we omit 
the terms representing specified physical 
processes, such as friction, from the equations, 
or if we fail to include certain observable 
features, such as cloudiness, in the initial 
conditions, we may, by comparing the mathe- 
matical solutions with reality, gain some in- 
sight concerning the relative importance of the 
retained and omitted features. Of course, in 
so doing, we forgo the opportunity of simul- 
taneously making the best attainable forecast. 

Our present methods of weather observation, 
and also any foreseeable future methods, yield 
systematically incomplete initial conditions, 
and our present mathematical techniques do 
not allow us to solve the dynamic equations 
without previous systematic simplification, 
whether or not the equations may originally 
be expressed in exact form. Beyond these 
unavoidable inaccuracies, further simplifica- 
tions have so far been necessary for the sake 
of economy. Thus it is that the recent studies 
in numerical weather prediction, besides 
yielding creditable although not optimum 
forecasts, have made vast contributions to our 
understanding of common weather phenom- 
ena. It should be added that these contribu- 
tions are no accidental by-product; the inves- 
tigators were concerned with explanation as 
well as prediction. 

The customary simplifications of the dynam- 
ic equations are of two kinds. First, we omit 
or modify certain terms. By doing so, we 
neglect or alter certain physical processes 
believed to be of secondary importance. For 
example, the omission of terms representing 
the release of latent heat has become familiar, 
and the introduction of the filtering approxima- 
tions, which prohibit the propagation of sound 
and gravity waves, has been one of the im- 
portant recent advances in dynamic meteorol- 
ogy. 
Further simplifications are then demanded 
by our present inability to solve the partial 
differential equations. Accordingly, by finite 
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difference methods or otherwise, we convert 
each partial differential equation into a specified 
finite number of ordinary differential equations. 
These equations generally become algebraic 
when finite differences in time are also intro- 
duced. In this process, phenomena of such a 
small scale that they are lost in the differencing 
process are automatically excluded. There is 
no theoretical limit to the number of alge- 
braic equations which may be handled, but 
for reasons of economy and convenience the 
number must be restricted. Several hundred 
equations is typical in short-range dynamic 
forecasting. 

The simplifications of the initial conditions 
are analogous to those of the dynamic equa- 
tions. First, we may omit or modify the 
description of certain observable quantities. 
For example, it may be logical to omit the 
field of humidity altogether, when the con- 
densation process is not included in the dynamic 
equations. 

Further simplifications are then demanded 
by our present system of observations, which 
yields values of observable quantities only at 
specified locations. Thus the true state of the 
atmosphere with its nearly infinite number 
of degrees of freedom is replaced by a state 
with a specified finite number of degrees of 
freedom. Again, phenomena small enough to 
be lost between observing stations will not be 
described. For reasons of economy and con- 
venience, the number of degrees of freedom 
retained is often far less than the maximum 
number allowed by the observations. 

When the problem is finally ready for solu- 
tions, it is logical that the finite set of quantities 
describing the initial conditions should be 
the finite set of dependent variables in the 
modified equations. 

Although in meteorological practice the 
most common method of handling partial 
differential equations has been the use of finite 
differences, other methods are possible. An 
alternative method is the analysis of the 
field of a dependent variable into a series of 
orthogonal functions. Usually these orthogonal 
functions are eigenfunctions of a conveniently 
chosen equation (not the dynamic equation 
itself). A familiar example of such an analysis, 
in one dimension, is the Fourier series, in which 
the orthogonal functions are sines and cosines. 
The coefficients of these orthogonal functions 
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become the new dependent variables. The 
number of dependent variables and ordinary 
differential equations is then made finite by 
omitting reference to all but a finite number 
of variables. When the eigenfunctions can be 
arranged in the order of their eigenvalues, to 
represent features of successively smaller scale, 
this method also excludes the small-scale phe- 
nomena. 

If our interest is confined to furthering our 
understanding of the atmosphere, we may 
simplify the equations and initial conditions to 
the point where good predictions can no 
longer be expected. In this study, we shall 
illustrate some of the advantages to be gained 
by simplifying the equations to the greatest 
extent possible, while still retaining the desired 
physical features. After simplifying the dynam- 
ic equations and initial conditions by omitting 
or modifying certain physical processes and 
features, we shall expand the equations and 
initial conditions into series of eigenfunctions. 
We shall then retain as dependent variables 
the coefficients of a minimum number of 
eigenfunctions, corresponding to features of 
the largest scale. As we shall see, in some cases 
the resulting set of ordinary differential 
equations is simple enough to be solved analyt- 
ically. If this is not the case, we may convert 
the equations to algebraic equations by a finite 
difference approximation in time. 

It should be evident that these remarks need 
not have been confined to the atmosphere. 
Similar remarks apply to a wide class of phe- 
nomena, which, in particular, includes control- 
led hydrodynamic experiments as well as such 
natural phenomena as oceanic flow. 


2. The minimum hydrodynamic equations 


As an illustration, we shall begin by letting 
the dynamic equations governing the atmos- 
phere be simplified until they reduce to the 
familiar vorticity equation 


Pop ~k-vyxv(vty), (1) 
ot 

where t is time, y is a stream function for two- 
dimensional horizontal flow, V is a horizontal 
differential operator, V?=V:V is the 
horizontal Laplacian operator, and k is a 
unit vertical vector. Equation (r) is equivalent 
to the barotropic vorticity equation, whic 
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approximately governs the vertically-averaged 
horizontal flow in the atmosphere. Equation 
(1) also governs the motion of a general 
two-dimensional homogeneous incompressible 
nonviscous fluid, and states that the vorticity 
of each material parcel of fluid is conserved. 

We shall apply equation (1) to flow in a 
plane region, in which y is doubly periodic at 
all times, i.e., 


px +2nlk, y+ anil, th=yp(x, y, t), (2) 


where the x and y axes point eastward and 
northward, respectively, and k and | are 
specified constants. In this way we have 
distorted the geometry of the spherical earth, 
but we have retained the important property 
that the effective area is finite but unbounded. 
We have also neglected the horizontal varia- 
tions of the Coriolis parameter, although 
equation (1) is still consistent with a constant 
Coriolis parameter. 

In such a plane region, the eigenfunctions 
of the equation 


Vip = cy (3) 


are trigonometric functions, or equivalently, 
complex exponential functions, of the variables 
mkx + nly, where m and n are integers, and the 
corresponding eigenvalues c are the quantities 
— (m?k? + n?l?). Hence a series of eigenfunc- 
tions is in this case simply a double Fourier 
series. An expansion of vp in such a series is 


oo co 


vey = [Amn cos (mkx + nly) + 


m=0 n=" 


+ Bry sin (mkx + nly)| 


(4) 


where Amn and By are real coefficients (and 
Aoo = 0), and the lower limit my in the second 
sum is -oifm>oandoifm=o,orina 
more concise notation, 


vep= E CmeMR (s) 


where M = imk + jnl and R = ix + jyare 
the vector wave number, or wave vector, 
and the radius vector, i and j are unit vectors 

arallel to the x and y axes, m and # assume 
all integral value from - © to oo, and 


Cm ~iBrn) (6) 


| 
R 
= 

| 
aS 
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Here the bar (~) denotes a complex conjugate. 
The corresponding Fourier series for y is 


p= -Z(M-M)1Cue™® (7) 


From (5), with the dummy index M replaced 
by L, and (7), with M replaced by H, it 
follows that 
k- vp x v(v?y) = 
= > (k-H x L) (HD Ta Te al (8) 
HL 

Replacing H + L in (8) by M, and substituting 
(s) and (8) into the left and right hand sides, 
respectively, of (1), we find that 


K-HxM 


dt H'H 
H 


CuCm-u (9) 


Equation (9) is the Fourier transform of 
equation (1), and is actually the infinite set of 
ordinary differential equations which we 
sought to determine. The coefficients Cy are 
the dependent variables. 

For the surface of a sphere, the eigenfunctions 
of equation (3) are spherical harmonics. An 
expansion of the vorticity equation into a 
series of spherical harmonics has been used by 
SILBERMAN (1954). 

The final step in simplification is the 
omission of reference to all but a finite number 
of variables Cm, corresponding to a specified 
set of values of m and n. If these ae are 
small, only large-scale features will be retained. 
The summation in (9) then becomes a finite 
sum, but the equations are otherwise unaltered. 

Under equation (1), two integral quantities, 
namely, the mean kinetic energy and the 
mean square of the vorticity, remain un- 
changed with time. Since equations (1) and 
(9) are equivalent, equation (9) must also 
conserve these values. According to (5) and (7), 
the mean kinetic energy is given by 


while the mean square of the vorticity is given 


by 
PG Te (11) 


EDWARD N. LORENZ 


~ 


According to (9), the time derivatives of E 
and V each involve sums of terms containing 
products Cy Cm-HC-m. In these sums each 
product occurs six times, corresponding to 
the six permutations of Cy, Cm-n, and Cm, 
and the sum of the six coetficients may be 
readily verified to equal zero. 

It follows that if all reference to specified 
variables is omitted, any specific product Cy 
Cm-u C-m will either be omitted altogether 
from the expressions for dE/dt and dV /dt or 
else it will occur six times, and the sum of 
the six coefficients will still vanish. Hence 
the simplified equations (9) still conserve the 
mean kinetic energy and the mean square of 
the vorticity, although the definition of these 
quantities has now been modified, in that the 
sums in (10) and (11) are now finite sums. 
Equations (9) are no longer able, however, to 
conserve the entire statistical distribution of 
vorticity. Equations (10) and (11) are two 
first integrals of (9). 

Equation (9) may be regarded as describing a 
nonlinear interaction between the components 
whose coefficients are Cy and Cm-w, to alter 
a third coefficient C_m. Let us seek the maxi- 
mum. simplification of (9) which still describes 
this process. Clearly at least three terms with 
different eigenvalues must be retained. 

A simple system may be formed by retaining 
only those eight significant terms for which 
m and n each assume a value of I, 0, or —I 
(the term m = n = 0 is superfluous). Then (4) 
reduces to 


v?p = Ajo cos kx + Ag; cos ly + 
+ An cos (kx + ly) + 41, -ı cos (kx — ly) + 
+ Bo sin kx + Bo, sin ly + By sin (kx + ly) + 


(12) 


Further simplifications appear when it is noted 
that if Bio Box Bis and By, -; all vanish 
initially, they will remain zero, and if, in 
addition, A;,-;= — Aj, initially, A, _, will 
remain equal to - Aj, . Letting Ayı=4, 
Ayo = F, A;, -1=G, we obtain, as the ulti- 
mate simplification of the vorticity and the 
stream. function, 


+ Bi, -1 sin (kx - ly). 


v?w=A cos ly + F cos kx + 
+ 2G sin ly sin kx, (13) 
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A F 
wa cos ly — 75 cos kx — 


(14) 


The governing equations, obtained either 
from (9), or by substituting (13) and (14) directly 
into (1), are 


dA (; I 


= ni sin ly sin kx. 


(15) 


= (are HPS. 


dF I I 

(pr) HAG 2 
dG do dé NG 
pe Sein ap (17) 


The coefficients of FG, AG and AF are actually 


determined by the ratio k/l. The mean kinetic 
energy and the mean square of the vorticity, 


NAME Ge 
nl ot, 


) RLAF. 


re 


and 


(19) 


DZ = (A? + F2 + 2G2), 


are readily seen to be conserved under equations 
(15—17). 

In the remainder of this work we shall be 
primarily concerned with the simplifications 
appearing in equations (13—17). These equa- 
tions presumably contain the minimum num- 
ber of degrees of freedom required to picture 
nonlinear barotropic phenomena. We shall 
call this set of equations the minimum hydro- 
dynamic equations, or sometimes simply the 
minimum equations. 

In equation (14), the first term on the right 
is independent of x, and therefore represents 
the zonal flow. Because there are so few 
degrees of freedom, the latitudes (y = /2l, 
37/21, — — —) of the zonal wind maxima are 
fixed, but the intensity A/] may vary. Thus 
the variable A agrees with the meteorologist’s 
concept of the zonal index. 

The remaining terms represent disturbances 
superposed on the zonal flow. Together they 
describe a wave of a single wave number, but a 
variable shape, and, except at certain latitudes, a 
variable phase. Again because there are so few 
degrees of freedom, the shape of the wave 
depends upon the phase, so that the model 
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cannot picture the motion of disturbances 
without change of shape. It can, however, 
picture the nonlinear interaction between the 
zonal flow and the superposed disturbances. 

In general, a set of nonlinear differential 
equations must be converted into a set of 
algebraic equations, by replacing time deriva- 
tives by finite differences, before a solution 
can be obtained. The minimum hydrodynamic 
equations (15—17), however, may be solved 
analytically. Either by eliminating two varia- 
bles through the first integrals (18) and (19), 
and solving the remaining equation, or simply 
by observing that A, F, and G are three quanti- 
ties, each of whose derivatives is proportional 
to the product of the remaining two quantities, 
we find that the solutions of (15—17) are 
elliptic functions of time. The particular elliptic 
functions depend upon the ratio « = k/l, and 
the ratio V/E which is determined by the 
initial conditions. 

If « >1, and if V/E <2k?, we find in 
view of (18) and (19) that À, F, and G have 
maximum values A*, F*, and G* given by 


A*2= A? + a-4F2 
F*? = F2 + 2(1 - «-4)-1G? 


(20) 


GY = Gt+i (1-0-4) P 


The solutions of (16—18) are then 
A= A* dn h(t - t*) 
F=F* sn h(t —t*) 
G=G* cn h(t - t*) 


(21) 


where the modulus k, of the elliptic functions 
is given by 


x 2 Pr» 
a ler ee, 
h is given by 
I a«2(œ2—1 
bee ae) 


and {* is the time when A = A*, F = 0, and 
G = GX, given by the elliptic integral 


0 
= f COORD | 
V1 — k2 sin? O 


tan 'F,/Go 


(24) 
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The solution is periodic of period 4K/h, where 
K is given by the complete elliptic integral 


T dO 
Ke (se 
V1 — k2 sin? © 
0 


With different initial conditions, or a different 
ratio «, the elliptic functions dn, sn, and cn may 
correspond to different permutations of A, 
F; and G. 

When a numerical solution is desired, it is 
often simpler to solve equations (15—17) nu- 
merically than to use a table of elliptic func- 
tions. To convert the differential equations 
into algebraic equations which may be solved 
numerically, we choose a fixed time interval 
At, and let A,, F,, and G, be the values of A, 
F and G at time ft) + nAt. We may then use 
the centered difference formula 


(25) 


dA 


Asam Anaat2 (GF) A (26) 


with analogous equations for F,:, and G,:1. 

At the first time step, we cannot use a 
centered difference formula. Accordingly, we 
may obtain a first approximation Aq) to A, 
by the uncentered difference formula 


dA 
0 


with analogous formulas for Fy) and Gy). 
We then obtain the final value A, by the 
formula 


1 | /dA dA 
RUES fear $ EAN Aa 


with analogous formulas for F, and G,. 
When partial differential equations are 
integrated numerically through the use of 
finite differences in space and time, the pheno- 
menon of computational instability may arise. 
In order to avoid such instability, the time 
interval At must be chosen to be not too large 
compared to the space intervals Ax and 
A y. The corresponding condition for compu- 
tational stability, when’ orthogonal functions 
are used, is that At be not too large a fraction 
of the period of oscillation of the most rapidly 
oscillating variable. Thus, whichever method 
is used, the smaller the scale of the phenomena 
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which are admitted, the smaller At must be 
in order to avoid computational instability. 

The phenomenon of computational in- 
stability is easily recognized when it arises, 
and may be eliminated by decreasing At. In 
the case of the minimum hydrodynamic equa- 
tions, where only phenomena of very large 
scale are admitted, At may be moderately 
large. 


3. Particular solutions of the minimum hy 
drodynamic equations 


We have seen that the minimum equations 
(15—17) preserve the average kinetic energy. 
At the same time, since they admit variations 
of A, they allow the kinetic energy of the 
zonal motion to vary, and hence allow ex- 
changes of kinetic energy between the zonal 
flow and the disturbances. In actual barotropic 
flow, such exchanges can only accompany a 
net transport of momentum by the disturbances 
to or from the zones of maximum flow. In 
our first numerical example, we shall show that 
this phenomenon is adequately described by 
the minimum equations. 

The quantity 2x/l is the distance between 
successive zonal wind maxima, while 2x/k is 
the wave length of the disturbances. Let us 
choose 27/1 = 10,000 kilometers and 2x/k = 
5,000 kilometers, so that « = 2. In so doing 
we shall be choosing systems of a size com- 
parable to the large-scale flow systems in the 
earth’s atmosphere. Equations (15—17) then 
become 


Ast 
Io 
| 8 
ie {AG (29) 
eg) 
4 


where a dot denotes a time derivative. 

The unit of time may be conveniently 
chosen equal to 3 hours, so that the unit of 
vorticity is (3 hours)-1, or approximately the 
value of the Coriolis parameter in middle 
latitudes. 

For initial conditions, let us choose A = 
0.12 units, F = 0.24 units, and G =o. The 
initial maximum zonal wind speed, occurring 
where y = 3x/2l, is then 64 kilometers per 
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hour, while the initial maximum vorticity, 
occurring where x = 0, and y = 0, is 0.36 
time the Coriolis parameter. Since F = 24, 
the zonal kinetic energy and disturbance 
kinetic energy are initially equal. 

Applying equations (20—25), we find that 
the analytic solution of equation (29) is 


A= 0.1342 dn(0.147f+ 11.03 


) 
F= 0.2400 sn (0.147f+ 11.03) f (30) 
G = 0.1643 cn(0.147f+ 11.03) 


where the modulus of the elliptic functions ıs 
ko = 0.2, while the period is 44.1 time units, 
or 132.3 hours. 

Instead of consulting tables of elliptic func- 
tions, we may solve equations (29) numeri- 
cally. If time interval At is chosen to be 6 
hours, or 2 time units, the algebraic approxima- 
tions to (29) are 


An+1= An-ı = 0.4 Fr Gn 
Fri Fri + 6.4.4.6 
Gu+ = ä 3.044 


(31) 


with appropriate modifications for the first 
time step. 

The numerical integrations of (31) may be 
carried out with a desk computer, or even a 
slide rule, at a computation rate comparable 
to one minute per time step. The computa- 
tions are presented in table 1. 

The products FG, AG and AF, which occur 
on the right hand side of (31), are included in 
the tabulation. 
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From the numerical point of view, we 
observe that F becomes zero, and A and G 
reach maxima, after about 5 % time steps, or 33 
hours, while A and G reach their original 
values after about 11 steps, after which the 
previous history must be repeated, except that 
F and G have opposite signs. The full period 
is therefore about 22 steps, or 132 hours, 
which agrees closely with the analytic solution, 
while the maxima of A and G also agree 
closely with A* and G* as determined by (20). 


From the physical point of view, the ini- 
tially symmetric disturbance is distorted by 
the zonal flow so as to transport momentum 
into the zones of maximum zonal winds, 
thereby increasing the zonal kinetic energy, at 
the expense of the disturbance kinetic energy. 
Eventually, the wave becomes distorted to a 
shape where it transfers momentum out of the 
zonal wind maxima, and the zonal kinetic 
energy decreases again to its original value. 

From the synoptic point of view, the stream 
function field initially consists of alternate 
zones of high and low values of y, crossed by a 
series of troughs and ridges with axes oriented 
N—S, as shown in the first map in fig. 1. 
The troughs and ridges are carried eastward 
in the eastward flow, and westward in the 
westward flow, so that the axes acquire a 
NE—SW orientation across the latitudes of 
high y, and a NW—SE orientation across the 
latitudes of lowy,as shown in the second map, 
which follows the first by 18 hours. As describ- 
ed by STARR (1948), eastward momentum is 
carried northward where the troughs and 
ridges tilt NE—SW, and southward where 


Table 1. Numerical integration of the minimum equations, with the indicated initial conditions, 
for the case x = 2, with time steps equal to two time units. 


N An | Jar G AU AC, RAGE 
° 0.120 0.240 0.000 0.0288 0.0000 0.0000 
I 0.121 0.232 — 0.043 0.0281 — 0.0052 — 0.0100 
2 0.124 0.207 — 0.084 0.0257 — 0.0104 — 0.0174 
3 0.128 0.165 — 0.120 0.02II — 0.0154 — 0.0198 
4 0.132 0.108 — 0.147 0.0143 — 0.0194 — 0.0159 
5 0.134 0.041 — 0.163 0.0055 — 0.0218 — 0.0067 
6 0.135 — 0.032 — 0.163 — 0.0043 — 0.0220 0.0052 
7 0.132 — 0.100 — 0.150 — 0.0132 — 0.0198 0.0150 
8 0.129 — 0.159 — 0.123 — 0.0205 — 0.0159 0.0196 
9 0.124 — 0.202 — 0.088 — 0.0250 — 0.0109 0.0178 
Io 0.122 — 0.229 — 0.048 — 0.0279 — 0.0059 0.0IIO 
II 0.120 — 0.240 — 0.004 — 0.0288 — 0.0005 — 9.0010 
12 0.122 — 0.232 0.038 — 0.0283 0.0046 — 0.0088 
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2T/k 


27/k 


Stream function patterns for the solutions of the minimum equations 


given in table 1. Upper left: o hours; upper right: 18 hours; lower left: 30 hours; 
lower right: 36 hours. Streamlines are drawn at intervals of 0.070 units. Dashed lines 
represent trough lines. 


they tilt NW—SE, so that in this case east- 
ward momentum is carried into the zones of 
eastward flow, in agreement with the increasing 
zonal index. After 30 hours, as seen in the third 
map, each center of high or low y breaks into 
two centers. Still later, the NE lobe of each high 
center departs from the SW lobe altogether, 
and merges with the SW lobe of the next 
high center to the east, while the low centers 
perform a similar process, so that, shortly 
after 36 hours, as seen in the fourth map, 
the streamline patterns become the mirror 
image, in the line x = 3m/2k, of the map at 
30 hours. Patterns after 36 hours become the 


mirror images of patterns before 30 hours, 
and, shortly after 66 hours, the pattern regains 
its initial a a except that it is displaced 
by one-half wave length. After 132 hours, 
the full cycle has taken place. 

The solution presented in table 1 suggests 
that the zonal flow is stable, since the disturb- 
ances show no tendency for exponential 
growth. However, a stable flow strictly 
speaking is one which can exist by itself, and 
which does not tend to become further 
disturbed after being slightly disturbed. In a 
numerical study of stability we should there- 
fore choose initial conditions where the 
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disturbance kinetic energy is small compared 
to the zonal kinetic energy. 

According to the linear theory, in which the 
variable À is replaced by a constant, equations 
(16) and (17) will govern a stable zonal flow 
if the coefficients of AG and AF have opposite 
signs, so that the solutions for F and G are 
trigonometric, and they will govern an un- 
stable flow if the coefficients have the same 
sign, so that the solutions are exponential. 
Examining these coefficients in 1) and (17), 
we see that the zonal flow is stable if «> ı, 
and unstable if «<1. In particular, the zonal 
flow in the previous example is stable. A 
similar condition for stability holds even when 
an infinite number of orthogonal functions 
are present in the series for y and Vy, as 
shown by FJGRTOFT (1953). 

Let us see what the nonlinear equations tell 
us about stability. Let us choose two cases, 
one where « =1.05, and one where «=0.95. 
The corresponding sets of differential equa- 
tions are 


= —0.453 FG 
0.551 AG 
— 0.049 AF 


Il 


(32) 


and 


— 0.553 FG 
0.451 AG 
= 40,051 AF 


(33) 


© Prise GO tists 
Il 


We shall integrate these equations numerically 
by the same procedure as that used previously, 
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again choosing 3 hours as our unit of time, 
and 6 hours as the length of a time step. In 
each case the initial eddy kinetic energy is 
about one per cent of the zonal kinetic energy. 
The integrations are presented in table 2. 

In the first case, there is no tendency for the 
disturbance to grow. It simply progresses, with 
a period of about 18 time steps, or 108 hours, 
while the fluctuations of the zonal flow are very 
small. The solution differs only slightly from 
the trigonometric solution of the linearized 
equations. 

In the second case, the disturbance begins to 
grow exponentially (F resembles a hyperbolic 
cosine, while G resembles a hyperbolic sine). 
Likewise, the rate of decrease of A increases 
exponentially. The exponential increase of F 
and G does not proceed without limit, how- 
ever, as in the linear case, but is inhibited as 
A becomes smaller, and ceases altogether 
when A reaches zero. 

Thus, as might have been expected, the 
linearized equations describe the changes of 
the system very well while the disturbances 
remain small, but not after they become com- 
parable in size to the zonal flow itself. 

The unstable solution throws considerable 
light upon the whole phenomenon of instabil- 
ity, which is not apparent in considering the 
linear equations. Instability itself is pictured 
here as a nonlinear phenomenon. The growth 
of F is due to the nonlinear interaction of A 
and G, while the growth of G is due to the 
nonlinear interaction of A and F, or, taken 
as a whole, the disturbance grows because of 


Table 2. Numerical integration of the minimum equations, in the case of a disturbed stable zonal 
flow (x = 1.05), and a disturbed unstable zonal flow (x = 0.95). 


stable case, & = 1.05 


unstable case, « = 0.95 


n 
An he G 47 1 Gr 
fo) 1.000 0.100 0.000 1.000 0.100 0.000 
I 1.000 0.094 — 0.010 0.999 0.105 0.010 
2 1.002 0.078 — 0.018 0.998 0.118 0.021 
3 1.003 0.054 — 0.025 0.994 0.143 0.034 
4 1.004 0.023 — 0.029 0.987 0.179 0.050 
5 1.004 — 0.010 — 0.030 0.974 0.232 0.070 
6 1.004 — 0.043 — 0.027 0.951 0.302 0.096 
7 1.002 — 0.070 — 0.021 0.910 0.397 0.129 
8 1.001 — 0.089 — 0.013 0.838 0.514 0.170 
9 1.000 — 0.099 — 0.003 0.717 0.654 0.217 
Io I.000 — 0.096 0.006 0.524 0.795 0.266 
II 1.001 — 0.086 0.016 0.249 0.908 0.303 
12 1.003 — 0.061 0.023 — 0.085 0.931 0.312 
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its nonlinear interaction with the zonal flow. 
Eventually the disturbance ceases to grow, 
and begins to decay, also because of its non- 
linear interaction with the zonal flow. The 
source or sink of disturbance kinetic energy 
during the entire process is the zonal kinetic 
energy. 

We have seen that the minimum equations 
are capable of picturing the motion of disturb- 
ances in a zonal current, and the stability or 
instability of a zonal current. Another related 
atmospheric phenomenon is the index cycle, 
i.e., the tendency for the mean strength of the 
middle-latitude zonal westerly winds to undergo 
rather marked fluctuations in intensity, usually 
with periods of a few weeks. It is interesting to 
see what light may be thrown upon the index 
cycle by the minimum. equations. 

In the example appearing in table I, the 
zonal index A undergoes fluctuations, but not 
the violent fluctuations of an index cycle. 
Moreover, the constraints of the model require 
some fluctuations of A if the disturbances are 
to move at all. With different initial conditions, 
even though « > 1, the fluctuations of A need 
not be so weak. From (18) and (19), we 
observe that if V/E<2k?, and «>1, A can 
never become zero, but if V/E> 2k?, there is 
no apparent reason why A cannot become 
zero. For « = 2, the condition V/E = 2k? 


implies that G? = = A?. Accordingly, we shall 


integrate equations (1$—17) numerically for 
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two cases of large disturbances, one case where 
I 15 

Ges” A3, and one where G? > = A?. We 
2 


shall choose all quantities except the initial 
conditions as in the first example. The solutions 
appear in table 3. 

In the first case, where initially G = 5/2 À, 
the solution is qualitatively like the example 
in table 1, although the fluctuations of the zonal 
index are more pronounced. In the second 
case, where G = 10/3 A initially, the situation 
is different. Here the zonal index changes sign, 
so that easterlies occupy the region where 
westerlies were originally present. Moreover, 
G does not change sign, so that the disturbances 
do not continue to progress in one direction, 
but move back and forth, according to the 
sign of the zonal index. The index shows a 
period of about 26 time steps, or 6 % days. 

Separating these cases there is a discontinuity 
in the amplitude of the fluctuations of A. 
Either the total range of A is not greater than 
AY, if V/E < 2k, or it is twice AX, if V/E> 
2k?. We shall say that A undergoes minor 
fluctuations in the former case, and major 
fluctuations in the latter. It seems reasonable 
to identify major fluctuations with an index 
cycle. It should be noted that, in contrast to 
the solution in table 2, the major fluctuations 
do not result from the instability of the zonal 
flow with respect to small disturbances. It is 
only because the disturbance is large that 
major fluctuations can occur. 


Table 3. Integration of the minimum equations for & = 2, in the case of a subcritical disturbance 
(Go = 5/2A,) and a supercritical disturbance (G, = 10/3 A,). 


subcritical case 


supercritical case 


Ay F, G Ay F, Gy 
i a SEHE Br EEE 
fo) 0.120 0.000 0.300 0.120 0.000 0.400 
I 0.117 0.115 0.290 O.II4 0.154 0.386 
2 0.107 0.217 0.260 0.096 0.282 0.347 
3 0.094 0.293 0.221 0.075 0.367 0.305 
4 0.081 0.350 0.179 0.051 0.429 0.265 
5 0.069 0.386 0.136 0.030 0.451 0.239 
6 0.060 0.410 0.099 0.008 0.475 0.225 
7 0.053 0.424 0.062 — 0.013 0.463 0.228 
8 0.049 0.431 0.031 — 0.034 0.454 0.243 
9 0.048 0.434 — 0.001 — 0.057 0.410 0.274 
10 0.049 0.431 — 0.031 — 0.079 0.354 0.313 
II 0.053 0.424 — 0.064 — O.I0I 0.252 0.358 
12 0.060 0.409 — 0.099 — 0.115 0.122 0.389 
13 0.069 0.386 — 0.138 — 0.120 — 0.034 0.400 
14 0.081 0.348 — 0.179 — 0.110 — 0.185 0.377 
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MAXIMUM SIMPLIFICATION OF THE DYNAMIC EQUATIONS 


This solution suggests a plausible hypothesis 
for the existence of index cycles in the at- 
mosphere, which we shall now describe. 
According to this hypothesis, the ratio V/E 
of the variance of vorticity to the kinetic 
energy is usually subcritical, so that only 
minor fluctuations of the zonal index take place. 
These fluctuations may occur within a high- 
index or low-index regime. Occasionally, as 
the result of a baroclinic process, the ratio V/E 
will become rei and the index will 
change from high to low, or low to high. 
The index change itself will be a barotropic 
effect, even though the cause of the supercritical 
value of V/E will be baroclinic. Because of 
dissipative effects, the ratio V/E will soon 
become subcritical again, after which the 
index will undergo minor fluctuations about 
its new value, until another baroclinic process 
makes the value V/E supercritical again. If 
the time required for dissipative effects to 
make V/E subcritical, after it becomes super- 
eritical, is about one-half of the natural period 
of a major fluctuation of the index, the result 
will be a change from a high to low, or low 
to high, index regime. 

Although this hypothesis may appear plau- 
sible, it cannot be claimed that the solution 
presented in table 2 is any more than a piece 
of evidence in its favor. To place the hypothesis 
on a firmer basis, it is necessary to integrate 
less drastically simplified systems of equations, 
to see whether major fluctuations still appear 
in the solutions. In addition, it is necessary to 

erform a careful observational study, to see 
whether changes in the zonal index actually do 
follow large increases in the ratio V/E, or in 
some equally significant parameter. 

Nevertheless, this example demonstrates 
unmistakably how a plausible hypothesis, 
capable of being tested by further study, can 
be formulated on the basis of a dynamic 
equation which has been simplified far beyond 
the point where it will yield an acceptable 
short-range forecast. 


4. Further applications of simplified equa- 


tions 


We have shown that it is possible to simplify 
the dynamic equations governing the atmo- 
phere to the point where they may either be 
solved analytically, or else be integrated nu- 
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merically with very little effort, while still 
retaining the nonlinear character of the 
equations. At the same time, these simplified 
equations are realistic enough to describe 
qualitatively some of the important physical 
phenomena in the atmosphere, and even to 
lead to plausible hypotheses concerning phe- 
nomena as yet not fully explained. 

The degree of simplification which we are 
permitted to use depends upon the particular 
phenomena which we wish to investigate. For 
example, the belts of westerly winds pictured 
in fig. 1 do not resemble the atmospheric jet 
stream, since winds of nearly maximum 
strength occupy a large fraction of the belt. 
In order to study the behavior of a jet under 
barotropic flow, and in particular to observe 
such phenomena as the splitting of a jet into 
two streams, we must retain considerably more 
terms in the Fourier series, capable of picturing 
narrow bands of very strong flow. 

Again, if we wish to study simple baroclinic 
flow, we may use one of the two-layer nume- 
rical prediction models in place of the baro- 
tropic vorticity equation. The maximum 
allowable simplification would then retain 
three degrees of freedom for the flow in 
each layer, or a total of six dependent variables. 
With such a system, the instability of zonal 
baroclinic flow, among other phenomena, 
could be studied. 

As a final example, if we are interested in 
studying forced baroclinic flow, such as that 
which characterizes the general circulation of 
the atmosphere, we may again use the same 
six dependent variables, and modify the equa- 
tions by appending terms representing non- 
adiabatic heating and friction. If, however, we 
wish to describe the increase in static stability 
which must accompany the conversion of 
potential and internal energy into kinetic 
energy through the sinking of cold air and 
rising of warm air, we must add at least one 
dependent variable, the space-averaged static 
stability. Such a system with seven degrees of 
freedom has been integrated by BRYAN (1959). 
Among other phenomena, the system is 
capable of duplicating the appearance or lack 
of appearance of waves superposed upon the 
symmetric flow occurring in the dishpan ex- 
periments (FULTZ, 1953), according to whether 
the external heating is weak or strong. Further 
refinements introduced by Bryan include the 
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spherical geometry of the earth, whereupon 
thirteen degrees of freedom are sufficient. 
There is virtually no limit to the number of 
phenomena which one might study by means 
of equations simplified according to the manner 
we have described. In each case, the simplified 
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equations may seem to be rather crude ap- 
proximations, but they should clarify our 
understanding of the phenomena, and lead to 
plausible hypotheses, which may then be tested 
by means of careful observational studies and 
more refined systems of dynamic equations. 
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Abstract 


Using the barotropic model, an analytical expression for the motion of a cyclone embedded 
in a uniform flow is obtained. The solution contains as parameters the radius of the vortex, 
the maximum velocity in the vortex, the velocity of the uniform flow and the variation of the 


Coriolis parameter. 


It is shown that, if the variation of the Coriolis parameter is neglected, a cyclone initially 
embedded in a uniform flow moves with the velocity of the flow. However, superimposed 
with that motion there always exists a north-westward translation due to the variation of the 
Coriolis parameter that in some cases represents a non-negligible percentage of the total dis- 


placement of a hurricane. 


Let us consider as initial flow the one given 
by the stream function 


p(r, 9, 0) = DF(r/ro) + Ar sin © + Br cos © (1) 


where (r,©) are polar coordinates and A, B, 
D and r, are constants. This stream function 
represents a vortex embedded in a uniform 
flow. The term Ar sin © is the zonal component 
of the flow that has a velocity u= -dy/dy = 

= —A, the term Brcos@ is the meridional 
component that has a velocity v = dp/dx =B, 
and the term DF (r/r,) Sess a vortex. We 
choose F(r/ro) = 0 for r > ro, so that the radius 
of the vortex is fo. 


Let 
DF (t/ro) = D[a —(r/to)?]* for rs a (2) 
DF(rro) =0 for r>o 


This stream function represents a vortex of 
radius fo; it is a cyclone for D negative and 
an anticyclone for D positive. The maximum 


velocity in the vortex is at (r/r,) = Vi/7 and 


1 This research was partially supported by Instituto 
Nacional de la Investigaciön Cientifica (México). 


Tellus XII (1960), 3 


D can be expressed as a function of the radius 
and of the maximum velocity by 


De 05235150 (3) 


The vortex is therefore completely deter- 
mined by the radius r, and the maximum 
velocity Um. 

From the barotropic vorticity equation and 
the equations obtained by differentiating the 
vorticity equation with respect to time, we 
can compute dyp/dt, p/at®, dyp/at, etc. by 
solving equations of tha Poisson type in the 
same way as described in a previous paper 
(ADEM, 1956). 

From the vorticity equation we obtain 


aa. cos en 


rn = —BD cos 0 tr 7, 


-BDsino X - BB 


For the range of values in which we are in- 
terested, the term BB is small and will be 
neglected. 
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If we prescribe 2y/9t=0 at the boundary 
r = R, we obtain 


[an f° 


x : rFdr + 
0 


BDr f so ns 
x rFdr | cos © BD sin@ (4) 


0 
We will assume that Ry > ro so that the term 
that depends on the boundary can be neglected. 
Similarly, by prescribing (0°p/dt?),_» =0 
and assuming that Ry > r, we obtain 0?p/d¢?. 
Using a series expansion with respect to t, 


the stream function after a sufficiently small 
interval of time is given by 


Pit, O; thm _ Assin@ _Bs cos © N 
D OST OSS Ur 


F(s) + 


+[£ ae lelo F(o)sds| t cos O - 
Toes) ans 


-|= dF t+0.525 Bvm G(s) a] sn® +R (5) 
To ds 


where we have made use of (3), R is the residue 
in the series expansion and 


00-2 fawé-2 fore 


is a function of the non-dimensional variable 
s=r/r,, in which 


1/dF\? 1 dvy?F 
F, (s) = -:(%) ES “yf sds 


Solution (5) has been normalized dividing 
all the terms by D and using the non-dimen- 
sional variable s=r/ry. It contains as para- 
meters the components of the velocity of the 
uniform flow A and B, the variation of the 
Coriolis parameter ß, and the two vortex 
parameters: The maximum velocity in the 
vortex v» and the radius of the vortex r,. The 
solution is therefore useful in a study in which 
any of these five parameters needs to be 
varied. 
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Solution (5) has the following physical 


interpretation: 


1) The first three terms represent the initial 
stream function, namely, a vortex of radius 
ry and maximum velocity vm immersed in a 
uniform flow, with velocity components 
u= —A and v=B. 


2) The terms. 


AGP Bro f= 1 
[=~ [RO t cos O 


when added to the initial stream function, 
displace the vortex in the direction parallel 
to the x-axis. They are, therefore, the terms 
responsible for the east-west component of 
the displacement of the vortex. The first term 
represents the steering effect of the zonal 
component of the uniform flow. The second 
is due to the effect of the variation of the 
Coriolis parameter on the vortex. For the 
purpose of comparing their relative value 
and determining their contribution in the 
displacement of the vortex, we multiply both 
terms by ro. We see then that the first term 
is proportional to the velocity of the zonal 
flow (A), while the second one is proportional 
to the square of the radius of the vortex and 
to the variation of the Coriolis parameter 


(Bro°)- 
3) The terms 


— E = t+ 0.525 Br, G(s) = sin O 


ro 


when added to the initial stream function, 
displace the vortex in the meridional direction. 
For the purpose of comparing their relative 
value we multiply them by ro. The first one 
is the steering effect of the meridional com- 
ponent of the uniform flow proportional to B, 
while the second one, which is due entirely to 
the variation of the Coriolis parameter, is 
proportional to Bros. 

Before we carry out the numerical compu- 
tations we shall prove the following result: 


‘ithin the framework of the barotropic model, if 
we neglect the variation of the Coriolis parameter, 
a circular vortex embedded in a uniform flow 
moves with the velocity of the flow. 


Proof. — Neglecting the B-terms and using 
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CYCLONE MOTION IN A UNIFORM FLOW 


the x, y coordinates, solution (5) can be 
written as 


pY(x, y, t) = Ay + Bx + F* (x,y) + 
oF* OF* 
Erd Er Bt (6) 


where y* (x, y, t) = p(r, ©, f) 
and F*(x, y) = DF(s) 


For small t the last three terms of the second 
member of (6) are the Taylor’s expansion of 
F* (x + At, y- Bt), and this function represents 
a vortex equal to the initial one, but with 


257 


its center at the point ( - At, Bt). Therefore, 
the vortex moves with the velocity ( - A, B) 
of the uniform flow. 

The next step is to establish the importance 
of the B-terms in the translation of the vortex. 
For that purpose we have numerically com- 
puted the aitcvent terms that enter in solution 
(s), using the function given in (2), for 
B =2.15*10" 15 sec"! cm”! (that corresponds to 
latitude 20°), for £ = 1 hour and different 
values of À, B, r and v, in the range of 
those that appear in the case of tropical cy- 
clones. The results of the computations are 
shown in Table ı where normalized quantities 
are shown. To obtain actual quantities we 


have to multiply all the values by D 


Table I 
Terms in solution (5) for B = (2.15) ro-* sec? mt, {= r hour, A = 10 m/s, B = 10 m/s, ym = 50 m/s 
and different values of ro in Km. 
LR eee | 3 | | Si $5 à vine 2 6 
Cyclone Uniform flow | { a terms | Pt-term em | Bt?-term 
Bun. F(s) __s _[4Asin® x MT à ES ML Bf F(s)dstcos©| BrmG(s) À sin © 
DE ro R 0.525 vm |Bcos © | ro ds |B sin © 
for | om ot I for = for cos 9 = —1 for sin © = 1 
cos @ sin © 


eo 
| 
„ 
© 
© 
© 


fo = 1000 50 
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Comparison of the values of columns 4 and 
s of Table 1 shows that a cyclone of radius 
tu = 1000 Km is translated to the west due 
to the variation of the Coriolis parameter, 
approximately at the rate of 1.5 m/sec; for 
to = 500 Km at the rate of 0.4 m/sec; for 
fy = 350 Km at 0.2 m/sec; and for ry = 200 
Km at o.1 m/sec. If we consider that the 
effective radius of our vortex model is practi- 
cally 0.7 r, we conclude that in a hurricane 
of effective radius of 700 Km embedded in an 
easterly flow of 5 m/sec, the B-term contributes 
23 % of the easterly translation of the hurri- 
cane, while for effective radius of 350 Km and 
140 Km, its contribution is of 7% and 4 %, 
respectively. 

The northward translation of the cyclone, 
due to the variation of the Coriolis parameter 
that is given in column 6 of Table 1, contains t? 
as factor and therefore cannot easily be com- 
pared with the translation due to the meridional 
flow which contains only t as factor. 

From the values of column 6 and its com- 
parison with column 4 it is clear that the im- 
portance of this term increases when we deal 
with cyclones with a large radius and strong- 
wind velocities. 

When the meridional component of the 
flow is zero (B = O) the ßt?-term is the only 
one responsible for the northward displace- 
ment of tropical cyclones (in the Northern 
Hemisphere). 

Regarding the importance of the B-terms, 
it can be stated that while the steering effect 
due to the uniform flow can reverse the sign 
or be zero, the northwestward translation due 
to the B-terms is always present and, therefore, 
in the long run contributes a non-negligible 
part to the displacement of a cyclone. 

Besides the ft?-term, the computation of 
d*y/dt? yields additional terms in solution (5) 
of the form 
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A? + B? . | 
ARR LU 
LA D _ R2 izle 
41; CAS Br) cos 20) |; ie 12, 
I ; OE 42.dEie 
1-48 sin 20) 5-51 


and negligible BA cos 2@-term, BB sin 20- 
term and ß?-terms. ' 

As A or B increase, these terms become of 
the order of magnitude equal and even greater 
than the ft?-term. This is due to the fact that 
for large A or B the motion of the vortex 
depends more on the steering effect of the 
uniform flow than on the variation of the 
Coriolis parameter. However, these terms do 
not contribute to the motion of the cyclone. 
In fact, the terms that have factors cos 2 © 
and sin 2@ have the effect of deforming the 
circular cyclone in an elliptical one, and the 
terms that depend only on the radius represent 
a change in the initial axially-symmetric pattern 
of the cyclone. 

As A or B increase, the terms containing 
these parameters become the dominant ones; 
however, since the scale of motion decreases 
when A or B increase, we have to reduce the 
time step, reducing, hence, the contribution 
of the t?-terms which become negligible 
compared with the At and Brsteering terms. 

The t2-terms containing A or B can in fact 
be considered as due to the neglection of the 
residue in the series expansion, and similar 
terms should appear in the higher derivatives 
that cancel out their contribution to the 
solution. 
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Abstract 


As an elaboration of recent studies by BUELL (1954, 1957) and JENKINSON (1956), the relation 
between the standard deviation of contour height and the vector standard deviation of geo- 
strophic wind velocity is formulated, both for point values (variations in time) and for chart values 
(variations in space). The relation between wind and contour variances for a simple schematic 
contour pattern is examined, from the point of view of both space and time statistics. 

The relationship between the space variance of contour height (S?) and the space variance of 
the geostrophic wind (0?) was evaluated over the Arctic (north of about 60° N) at the soo-mb 
level. A high degree of correlation was found to exist between these two quantities, although 
the form of the relationship (0? proportional to S) did not agree with the results of previous 
studies (BUELL, JENKINSON, loc.cit.) of time variances. However, a reanalysis of such data for 
northern latitudes yielded results virtually identical with those of the present study. 

In both cases, the standard error’of estimate was too large to enable one to calculate accurately 
the wind variance from the height variance for synoptic purposes, but the relationships do allow 
climatological estimates (seasonal, etc.) to be made of the mean kinetic energy and of the size and 


amplitude of the dominant wave systems. 


I. Introduction 


KLEIN (1951) was one of the first to recognize 
that there must exist a high correlation be- 
tween the variability of pressure and the 
variability of pressure gradient or wind. This 
correlation has recently been investigated, both 
theoretically and numerically, by JENKINSON 
(1956) and by Buzz (1954, 1957). Earlier 
studies have considered only standard devia- 
tions at a point; here we shall treat the problem 
of variability in space and time, separately and 
simultaneously, although the tests on actual 
data to be reported refer specifically to space 
variability. 
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2. Relations between space and time 
variances 


The statistical measure of variation most 
commonly employed is the variance, or its 
square root, the standard deviation. We may 
discuss variation in time, at a point, variation 
in space, at a given time, variation in space 
for time-meaned quantities and variation in 
time for space-meaned* quantities. There are 
thus four different standard deviations which 
may usefully be investigated, and we shall 
here carry out such an analysis, both for the 
vector standard deviation of geostrophic wind 
velocity (represented by o with a defining sub- 
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script) and for the standard deviation of 
contour height (represented by S with a similar 
set of subscripts). It will be convenient to use a 
horizontal bar to denote a time average and 
square brackets to denote a space average; u 
and v will denote the x- and y-components 
of wind velocity (more strictly, of geostrophic 
velocity). 

Consider first the vector standard deviation 
of wind velocity for variation in time (at a 
point), o4. 


_d=oto=Vi- V2, (1) 


where V, denotes the resultant velocity, the 
absolute value of the time-mean vector velocity. 
Eapy (1951) pointed out that of was a quantity 
of fundamental importance in dynamic cli- 
matology, being a measure of the turbulent 
(large-scale, chiefly) kinetic energy. We shall 
return to this concept a little later. 

Consider now the vector standard deviation 
of wind velocity for variation in space (at a 
single time), 0}. 


t-olreh-[V]-V (2) 


where V, denotes the space-mean vector wind 
velocity. 

Consider now the vector standard deviation 
of space-mean wind velocities (in time), 02. 
For a large area, this will be a relatively small 
quantity. 


V2 - VA, (3) 


where V,, denotes a space and time vector- 
resultant mean wind velocity. 

Consider finally the vector standard devia- 
tion of time-mean wind velocities (over an 
area); 0% 


o3= [V7] - Vis. (4) 


Taking the space average of (1), and the 
time average of (2), and introducing (3) and 
(4), one may express the total variance of 
vector velocity in the alternate forms 

[Vi] -Vi-attolmot+ foi]. 6) 

[V2 is simply equal to twice the space and 
time average of the kinetic energy per unit 
mass. For a temperate-latitude area, the term 
V?, in (5) will make an appreciable contribu- 
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tion, but this will not be so for an area centred 
at the pole. On individual occasions for such a 
polar area, V, would be small for quasi-zonal 
flow or for a quasi-symmetric cellular pattern; 
it would have an appreciable value, in fact, 
only with a pronounced trans-polar circula- 
tion. 

Exactly analogous relations can be written 
down for the standard deviations of contour 
height, here denoted by S,, Sz, Ss and Sq. 


Si=[Z] -[ZP, 
S=(Z)-[Z], 
S3=[Z*] - [ZY 
S=2- À. 


(6) 


Once again the total variance, in both space 
and time, of contour height is 


[2] =[(ZP ESF sa = S34 [Se 


3. Relations between velocity and height 
variances 


Let us consider a cartesian grid, with grid 
spacings of öx and dy. For the time being, 
at least, we shall neglect variations over this 
grid of map magnification and of Coriolis 
parameter (f=22 sin ®, where Q= earth’s 
angular velocity and @=latitude). Let us 
denote two immediately adjacent grid points 
by the subscripts p and q (separated by either 
dx or dy). Let us first analyze the problem 
treated by JENKINSON (1956) and BUELL 
(1954, 1957)—that of finding o? in terms of 
S#. Making the geostrophic assumption 
(denoting the ratio f/g by A), we obtain from 
i and (6) a relation derived by JENKINSON 


1956), 

Moy? or, >= (S;, Sel + 25,, Sa {1 m ra (5y)}, (8) 
where r4 (dy) denotes the correlation coefficient 
between Z, and Z, (a time correlation). 


In terms of derivatives, the approach adopted 
by Buell (loc. cit.), (8) is equivalent to 


aS,\? 2? 
wot,-(F) - 91S n0)| © 


where we have invoked l’Hospital’s Rule for 
the final term. 
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Differentiation of the final set of (6) with 
respect to y and substitution into (9) give the 
relation 


(10) 


where Ry (Z, u) indicates the correlation 
coefficient (in time, at a point) between contour 
height and the x-component of the velocity. 

An analogous relation can be derived for 
03, Which, in combination with (10), gives 


Aoi= 
22 
te Ta | = 


Exe 


SET RIZ, v)} {= RIZ, wh] 
(11) 


According to JENKINSON (1956), the coeffi- 
cient of S} in (11) is approximately a universal 
constant in space and time, throughout the 
troposphere. Without necessarily accepting this 
view (which we shall later show to be of 
dubious validity), we may write (11) in the 
form 


2 C2 
BT 
* sin D 


(12) 


Computations by Buett (1954) of k,? (see 
his figures 7, 8 and 9) indicate systematic 
geographical variations of this quantity, quite 
marked in polar areas, but rather less variation 
between troposphere and stratosphere than 
claimed by JENKINSON (1956). 

The relation between o? and S? (areal 
variances) can be found by carrying out the 
above analysis with space means rather than 
time means. Assuming that sin & has a 
small range or is only weakly correlated with 
S, or 61, one obtains 


[42] of = 


where the subscript ı indicates a correlation 
over space, rather than in time. Without im- 
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plying a constancy for the ratio of variances, 
et us set 
ki Si 
[sin? &] ° 


If ky were invariant in space and time, then 
one would expect k, to have similar properties 
(and a similar value). The explicit formula- 
tions of ky and k; (see (11) and (13)) do not 
in themselves lend much support to such 
beliefs, nor do they indicate what would be 
the implications of such a quasi-constancy if 
real. Accordingly, it was decided to investigate 
a very simple contour model, to provide a 
useful basis for the discussion of various sets 
of experimental data. 


oi 


(14) 


4. Variance relations for a simple contour 
pattern 


Let us now evaluate k? for a simple cellular 
type of contour pattern, defined by 


Z=Asinux+Bsinry+C, (15) 
where u=2r/L, and v=2n/L,. L, and L, are 
wavelengths, and A and B amplitudes, in the 
x- and y-directions, respectively. For simplicity 
we shall imagine that a given map contains an 
integral number of waves (or cellular systems) 
in both coordinate directions so that it is 
adequate to average any parameters required 
over one wavelength in each direction. 


For this contour pattern, 


S? = (A? + B?)/2, (16) 
' 272 / A? Be 
[sin? pli (+) (17) 


From (14), (16) and (17), 


2 72 2 2 
EWR Nr 
In the case that L,=L,=L, 
27? 
= OLY (9) 


If L, # L,, we may define L as the effective or 
weighted wavelength by the above relation. 
This effective wavelength, L, is closely related 
to the “radius” of contour systems, R,, intro- 
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duced by BuELL (1954, 1957) through the extra- 
polation of dr (x)/9x® to a zero correlation at 
the rate observed at x = 0. It may be shown, 
in fact, that 

(20) 


where m is the characteristic “wave number” 
utilized by THompson (1957) in his inter- 
pretation of the meaning of the quasi-constant 
k, deduced by JENKINSON (1956). Incidently, 
with the particular contour system envisage 

here, the correlation would actually drop to 
zero at a distance L/4. Thus, from (19) and 


(20), 


L=nR,=2njm, 


a ee wet 
ne: (21) 

In order to compute variances applicable to a 
point (time variances), one may assume a 
fixed speed and direction for contour system 
motion. It then follows directly that (16) 
applies equally well to S,2, (17) to 04? and 
(18) and (19) to k,?. Thus, for a reasonably 
homogeneous area for which space and time 
sampling are essentially equivalent, the two 
sets of statistical variance parameters should be 
numerically very similar. Contour-height 
variance, from (16), will be a direct measure of 
the root-mean-square “system amplitude”, 
and the variance ratio, k, from (19), will be a 
direct measure of the effective “system wave- 
length”. 

It can be seen from (19) that k would be 
approximately constant from one map to 
another (k,) or from one point to another 
(k,) only if the effective wavelength remained 
the same, regardless of amplitude (i. e., in- 
tensity) changes. Thus, one might expect 
rather similar ranges of k from one season to 
the next in regions where the “size” of contour 
systems does not vary greatly from one season 
to another. Within any given season, it would 
be unreasonable to expect the effective wave- 
length to remain constant. In fact, one should 
expect a tendency for amplitude to increase as 
wavelength incredses, leading to a more 
rapid increase of the intensity (and hence 
variability) of the contour-system than of the 
wind regime. In such a case, k would decrease 
as S increases. 

One may adduce. evidence for this latter 
belief from the quasiisotropic nature of wind- 
component variance, first demonstrated by 
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Brooks et al. (1950) for variances in time, at a 
point. For the schematic contour model re- 
presented by (15), o,,=0,, implies that By = 
Au, or that B/Ly=A/L,. The empirical evi- 
dence for isotropic wind behaviour implies 
that the ratio of amplitude to wavelength in 
the two component directions tends to remain 
constant and thus one would expect that re- 
adjustment of wavelength to amplitude changes 
(or vice versa) should be such that the ratio 
itself would not change greatly. Undoubtedly, 
the actual variation of o, with S,, from day to 
day (or of o, with S, from point to point), is 
rather complex so that it would not be fruitful 
to examine more realistic contour models. 
Instead, one should carry out analyses on the 
actual atmosphere, and results of such analyses 
will be presented in the next two sections. 


5. Experimental testing of variance relations 


From the considerations of the previous 
section it appeared likely that the height 
variance (in space) of a pressure surface and 
the geostrophic wind variance would be 
significantly correlated but that the regression 
coefficient for a simple linear regression would 
not prove to be a universal constant. Although 
the concept is quite general (i.e., holds wherever 
the geostrophic assumption is valid), it was 
tested in the Arctic at 500 mb because the basic 
data were already available from a previous 
study. | 

The experiment consisted simply of com- 
puting the height and geostrophic wind 
variances for a number of sample days, and of 
determining the nature of their correspondence 
and the accuracy with which the wind variance 
could be estimated from the variance of height. 
À detailed account of the testing procedures, 
with data tabulations, has appeared elsewhere 
(Gopson and MACFARLANE, 1958). It should 
be noted that a close relationship would imply 
that the space-mean kinetic energy could also 
be estimated from contour-height variance 
(which latter parameter could then function 
as a highly efficient and readily calculable 
circulation index), since, from (2) and (14) 


REST 
[sin? 6] ' 
The source of data for this experiment was 


the soo-mb (0300 GMT) synoptic charts for 
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(22) 
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1955 drawn by the Department of Transport 
Arctic Forecast Team at Edmonton. In connec- 
tion with another project (Harr, Gopson et al. 
1957), arrays of contour height had been ab- 
stracted from these maps on a 13 X13 point 
grid extending from the pole to 60° N (on the 
average). The values of S, for these arrays had 
also been calculated and only o, had to be 
computed. To satisfy the differential relations 
of (13), [sin ¢]o, was formed for grid sizes of 


6, ¥26 and 26(dx=dy=6), and then extra- 
polated analytically to a zero grid size. 

The sample used in this study consisted of 
sixty days chosen to include all the seasons 
and the complete range of S,. Because of the 
deliberate inclusion in the sample of the ex- 
treme values of S,, a weighting factor had to 
be introduced so that the frequency distribution 
simulated the actual distribution of S, for 1955. 

Scatter diagrams were made showing the 
relation between [sind], and S,, and between 
k, and S,. Neither plot appeared to represent 
a linear correlation, but before attempting to 
fit a non-linear regression equation the data 
were converted to natural logarithms as it was 
thought most probable that the errors in 
computing S, and [sin 4] o, were proportional 
to their magnitudes. 

The new scatter diagram of the converted 
standard deviations (fig. 1) seemed to indicate 
a linear relationship between the two quantities 
and a straight line was fitted to the data, of 
the form 


In [sin lo, = a + bln Sy. (23) 


50 
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Fig. x. Relation between contour-height standard devia- 

tion (S) and vector wind standard deviation (0) at 500 

mb at high latitudes (on logarithmic scales): closed 

circles—this study, open circles—JENKINSON (1956) and 
crosses—BUELL (1957). 
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Then, from (14), 


k, = se. 


(24) 


The statistical parameters pertaining to the 
regression equation (23) are shown in Table 1. 


Table 1. The linear regression of In [sin ¢] a, on 
In S, 


5% Confi- 


Statistic Sample] dence Limits 


Value 
Lower| Upper 


Regression Coefficient 6 
Regression Intercept a 
Correlation Coefficient 7 


0.403 | 0.306 | 0.500 
1.768 | 1.394 | 2.141 
0.736 | 0.590 | 0.836 


Thus, from (24) 
k2=33.360 Ser 


(25) 

These results differ markedly from those of 
the previous studies (Buell and Jenkinson, loc. 
cit.) in which b was assumed equal to unity 
(so that k, became a constant). Jenkinson 
computed k, directly from eq. (12), whereas 
Buell computed both his regression coefficient 
and intercept but found that the latter was 
approximately zero. Because of the apparent 
discrepancies between the results, it seemed 
desirable to combine and reanalyse the data 
that Buell and Jenkinson had presented in 
their papers. 


6. Comparison of space and time variances 


As it was felt that any valid comparison of 
these space and time statistics should be made 
with overlapping data, only the values of o, 
and S, at soo mb and from the northern sta- 
tions (f= 45°) were used. The analysis 
described in section 5 was repeated and the 
results are given in Table 2 (see figure 1 for 
data points). 

Table 2. The linear regression of In (sin #)o, on 


In S, 


5% Confi- 
Sample} dence Limits 
Value 


Statistic 
Lower| Upper 


0.426 | 0.300 | 


Regression Coefficient  b 0.533 
Regression Intercept a | 1.580] 1.078 | 2.081 
Correlation Coefficient 7 | 0.788] 0.578 | 0.895 
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From (24) 
ka=4.853 Sg". 


(26) 


The confidence limits are somewhat wider 
than before (smaller sample) but otherwise 
these values are similar to those obtained from 
the space variances (see Table 1). 

Although the high correlation between the 
space variance of contour height and the 
space variance of the geostrophic wind is the 
first conclusion of this study, it is not an 
unexpected one in the light of the or 
theory and the results obtained by Bue 
and Jenkinson; on the other hand, the most 
interesting result is the nature of the rela- 
tionship between these two quantities. 

The general form of the dependence of 
wind variance on contour height variance 
can be expressed as 


00852 Di DS 0,5, 


(27) 


which is applicable to either the space or time 
values. At least a superficial explanation of 
this proportionality can be made on the basis 
of the contour model discussed in section 4. 
That is, those pressure patterns in which 
there is a pronounced coupling of the wave 
amplitude with the wavelength dominate over 
the patterns of variable amplitude but more 
or less constant wavelength. This coupling 
would most probably occur in long-wave 
patterns, such as those of the circumpolar 
westerlies, rather than in short-wave distur- 
bances which are more likely to be of roughly 
uniform size though of widely varying in- 
tensity. 

Moreover, it appears from the similarity of 
(25) and (26) that the space and time statistics 
are both sampling the same information, and 
the form of (27) suggests that this information 
is concerned with the largest features of the 
pressure patterns. Although this conclusion 
(kı=k,) had appeared plausible, the empirical 
evidence seemed to be against it until the 
time statistics were reanalysed. 

Naturally, even in a region of long-wave 
disturbances, the ratio of amplitude to wave- 
length would not be constant from day to 
day or from place to place; hence the con- 
siderable scatter of points in figure 1 is only 
to be expected. That the standard error of 
estimate of o, is noticeably larger than that 
of co, is probably due, in part at least, to the 
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location of the samples. The space grid is 
embedded at the centre of the circumpolar 
vortex, which is made up of a core of small 
cellular disturbances surrounded by long-wave 
patterns; hence the values of S,, 9, and ky 
probably represent some sort of weighted 
average of the values that would have been 
obtained by sampling the two regimes separa- 
tely. This might tend to damp down the 
range of residuals about the regression line. 
As opposed to this, regional differences would 
be emphasized by point sampling in time. 
BuELL (1954) has shown that in fact there are 
considerable variations in the size of pressure 
systems from one area to another. Thus the 
time sample used here is somewhat unsatis- 
factory because the stations not only tend to 
be near centres of action but they do not 
sample more than the fringe of the space grid 
(Gopson and MACFARLANE, 1958, fig. 10). 

In the face of these possible sources of diffe- 
rence it is encouraging to find that there is no 
significant difference between the relationships 
in space and time of the standard deviations 
of height with the standard deviations of 
wind. This has a bearing on the remark by 
BUELL (1957) that the statistical theory of 
turbulence (BATCHELOR, 1953) leads to the 
relation: 0°& S. Since homogeneous turbulence, 
by definition, is such that space and time 
sampling give identical hen one might 
think it possible to consider the large scale 
features of the soo-mb circulation as being 
two-dimensionally isotropic homogeneoustur- 
bulence. However, it is pertinent to note that 
the isotropic turbulence prediction (0?«S) is 
formulated for a system in which Coriolis 
forces can be ignored. This is clearly not true 
in the present case, so that the apparent agree- 
ment between the o—S relations in the two 
cases should be regarded as largely accidental. 

Equations (25) and (26) are of considerable 
climatological value. From these relations it is 
possible to obtain estimates, albeit crude, of 
the standard vector deviation of the wind, 
the mean kinetic energy and the r.m.s. ampli- 
tude and effective wavelength of dominant 
pressure systems, all from an easily obtained 
parameter—the variance of contour height. 
For not only can S, be readily computed from 
constant pressure charts, but it is a standard 
parameter developed in all types of numerical 
specification techniques. 
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In the year 1955 (using theWadsworth speci- 
fication data described in section 5) the annual 
mean value of S, (i.e., the r.m.s. amplitude 
from (16)) was almost 500 ft., representing a 
mean radius of some 750 n. miles (12%° of 
latitude). This corresponds well with the mean 
size of Arctic pressure systems obtained by 
direct measurement from soo-mb charts. 
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Abstract 


The total ozone variations at Edmonton and Moosonee during December, 1958 and January, 
1959 are examined in relation to daily synoptic analysis up to the 25-mb level. The stratospheric 
perturbations of the polar-night westerlies appear to dominate the ozone record when that 
régime is over the station. Otherwise, the usual Normand tropospheric perturbation effect is 
indicated. Correspondence is analyzed using adiabatic vertical motions computed at the 200, 
100 and 25-mb levels, in addition to the 200-mb geopotential height and the 100—25-mb thick- 


ness. 


I. Introduction 


The work of Sir CHARLES NORMAND (1953) 
and others has shown that daily ozone varia- 
tions are related to the perturbed circulation 
of the upper troposphere. Negative correlations 
have been obtained between total ozone and 
300-mb geopotentials, implying that ozone 
is more abundant over troughs than over 
ridges. Since these correlations were mostly 
established in northern Europe, one can safely 
assume that these troughs and ridges are parts 
of the travelling wave-trains of the circumpolar 
westerly vortex. It is known, furthermore, 
that the 300-mb waves extend without signif- 
icant change of phase to 100 mb or above, 
i.e., into the lower stratosphere. Above the 
tropopause, the westerlies descend into troughs 
and climb on to ridges. Theoretical demon- 
strations by REED (1950), GODSON (1959), and 
others have shown that subsidence in the 
stratosphere must contribute to increases in 
total ozone, as long as ozone mixing ratio 
increases with height; similarly uplift decreases 


the total ozone. The Normand effect—high 
ozone in troughs, low in ridges—is hence 
qualitatively consistent with theory. 
Quantitatively, however, the picture is less 
satisfactory, since the amplitude of the ozone 
variations considerably exceeds expectation. 
Moreover there are periods, especially in 
winter, when the Normand effect seems to 
vanish; even at their best, the computed corre- 
lations rarely explain more than 25 to 35 
per cent of the ozone variance. No doubt 
advection complicates the effects of vertical 
motion, but it can hardly account for the 
width of the disparity. Hence it is obvious 
that other causes of ozone variation exist. 
The present writers. suggest that much of 
the remaining variance of total ozone is due 
to vertical motion in the newly-discovered 
baroclinic waves of the polar-night westerly 
vortex (HARE, 1960; Gopson and LEE, 1958). 
This vortex affects the layers from 150 mb to 
above 25 mb. It develops in high latitudes in 
the darkness of midwinter—hence the term 
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polar-night vortex introduced by KOCHANSKI 
(1955)—and sometimes extends below the 
U.S.-Canadian border for a few weeks before 
collapsing in the spectacular sudden-warmings 
well-known from the work of SCHERHAG 
(1952), CRAIG and HERING (1959), TEWELES 
(1958) and others. Since vertical motion of 
the order of 2 to 3 cm sec—1 over long 
trajectories occurs within the wave-pertur- 
bations of this vortex, it seems reasonable to 
expect that ozone variations should occur in 
response to it. 

To subject this idea to a preliminary test, 
the time-series of total ozone at Edmonton, 
Alberta, and Moosonee, Ontario, were ex- 
amined alongside synoptic charts and cross- 
sections for the stratosphere over North 
America. Because of the large amount of work 
involved, the study was restricted to the 
months of December, 1958 and January, 1959. 
Both ozone stations were far enough north 
to be affected by the polar-night vortex, but 
had enough daylight even in midwinter for 
continuous ozone determination. The results 
are suggestive, but far from conclusive. They 
do, however, show that the middle strato- 
spheric temperature field and total ozone are 
closely related. 


2. The data employed 


The daily ozone values used in this study 
were obtained by Dobson spectrophotometers 
maintained by the Canadian Meteorological 
Service during the I.G.Y. period at Edmonton 
and Moosonee. Valuesare incm of O, at S.T.P. 
and it is estimated that the standard error of 
the measured 24-hour change in total ozone 
is about 0.010 cm. All temperature values were 
derived from radiosonde ascents for 0000 hrs 
G.C.T., with interpolated values from synoptic 
charts where necessary. 

The synoptic charts and cross-section were 
drawn at the Central Analysis Office, Canadian 
Meteorological Service, by the Arctic Meteor- 
ology Research Group, McGill University, as 
part of a routine analytical project. The area 
of analysis at 200 mb was circumpolar, north 
of 35° N. The 100-mb maps were analyzed 
over North America, the Atlantic and Europe, 
also north of 35° N. At 25 mb daily analysis 
was carried out over North America, every 
fifth day’s map being extended to a circum- 
polar area by suitable extrapolation techniques. 
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The values of vertical motion (in cm sec—1) 
were computed from charts at the 200, 100 
and 25-mb levels by the adiabatic trajectory 
method. The values plotted are those for the 
24-hour trajectory centered on 0000 hrs G.C.T. 
for the specified date. In view of the errors in 
the original contour analysis, and the length 
of trajectory involved, these values can be 
taken only as crude estimates of the order of 
magnitude and sign of the vertical motion. 


3. Results 


Fig. I presents time cross-sections for De- 
cember, 1958, at Edmonton and Moosonee. 
Fig. 2 gives similar diagrams for January, 1959 
at the same stations. The upper section in each 
diagram gives total ozone (cm at S.T.P.) 
and the thickness of the 25 to 100-mb layer 
in geopotential meters. The central section 
gives vertical motion in cm sec—}, subsidence 
being considered negative; the negative periods 
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Fig. 1. Time sections of— observed 25—100 mb thickness 

and total ozone; 24-hour average adiabatic vertical motion 

(w), subsidence areas stippled; observed temperature (°C), 
warm areas (W), and cold areas (K). 
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Fig. 2. Similar to Fig. 1. 


are stippled for convenient inspection. The 
bottom sections give temperatures in deg. 
Celsius. 

The vertical motion values vary between 
24-hour averages of above +2 cm sec—1 and 
below -2 cm sec—1. Over trajectories of this 
duration, an average of +2 cm sec! is 
equivalent to a vertical displacement of 1.7 
km. Hence uplift and subsidence at rates of 1—2 
km in 24 hours must be assumed typical of 
the stronger stratospheric disturbances over 
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these stations. It is obvious from the diagrams 
that the vertical motion systems fall mainly 
into two suites—those centered at or above 
25 mb (arising from perturbations in the 
polar-night vortex) and those centered at or 
below 200 mb. The latter are, of course, 
associated with the familiar travelling waves 
in the tropospheric westerlies. The 100-mb 
level has a minimum of vertical motion. Only 
during two short periods at Moosonee do 
systems appear centered at 100 mb. It is 
noteworthy that the time-average of vertical 
motion at Edmonton is clearly positive at all 
levels. 

The temperature fields show a similar divi- 
sion. At 200 mb there is a very high variability 
due to the lower suite of vertical motion sys- 
tems, as well as longer-period spells of warmth 
(e.g., December 1—13 at Edmonton). All these 
thermal systems diminish rapidly with height, 
few of them being visually identifiable above 
so mb. The upper part of each section shows 
the much longer-period fluctuations typical 
of middle stratospheric waves (HARE, 1960). 

The 25 to 100-mb thickness curves naturally 
reflect the vertically integrated thermal field 
of the middle stratosphere, and hence show 
predominantly long-period variations. At both 
stations the largest fluctuations occur in early 
December and again in January. It is obvious 
at a glance that the total ozone curve is closely 
related to these thermal curves, more especially 
at Moosonee. The closeness of correlation is 
reduced by variable phase-lags in the major 
oscillations, but it is quite clear that each 
warm phase is ozone-rich, each colder period 
ozone-poor. Table I gives linear correlation 
coefficients between total ozone and (a) 25 to 
100-mb thickness and (b) 200-mb geopoten- 
tial height for both stations in both months. 
As an additional indicator of the processes at 


Table 1. Linear correlation coefficients between total ozone (O,), 25 to 100-mb thickness (AZ), and 
200-mb geopotentials (Z:65), Edmonton & Moosonee 


Edmonton Moosonee 
Line Variates 
Dec. Jan. Dec. Jan. 
(a) © AZ + 0.73 + 0.65 + 0.25? + 0.65 
(b) Org Za09 —0,55 —0.23? —0.53 —0.46 
(c) NE —0,55 +0.28! +0.16? —0.64 


* Significant at 5 % level. Remainder significant at ı % level. 


? Not significant at 5 % level. 
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work, line (c) give the correlation between 25 
to 100-mb thickness and 200-mb geopoten- 
tial height. 

Table 1 shows that total ozone and the 
temperature of the 25 to 100-mb layer marched 
together except in December over Moosonee, 
when the correlation fell to an insignificant 
value, while retaining its positive sign. Reduc- 
tions of variance for the other months ranged 
from 42 to 53 per cent. It has already been 
suggested that part of the unexplained variance 
arose from unsystematic phase lags, and that 
the resemblance between the two curves was 
closer than these reductions may suggest. 
The O, versus Z:00 correlations, which 
correspond closely to those of Normand, 
were all negative, and were smaller. It is of 
interest that the cross-correlation of Zyoo 
versus AZ gave very erratic results. At Ed- 
monton in January, however, significant corre- 
lation between O, and AZ existed in the 
absence of both the Normand effect and a 
significant correlation between Z:59 and AZ. 


4. Interpretation 


An attempt will now be made to interpret 
these results in the light of the stratospheric 
circulation during these months. A summary 


Fig: 


269 


of that circulation has been given elsewhere 
by HARE (1960). It was there shown that the 
principal developments were as follows:— 

(i) From December 1—11, 1958, a warm 
stratospheric ridge lay over Alaska and 
arctic Canada, with a closed anticyclone at 
25 mb. This ridge drifted slowly southeastward. 
Fig. 1 shows the deep warm layer at Edmonton 
associated with this system. Moosonee lay 
throughout the period along the southern 
margin of the ridge, experiencing a slight 
warming on December 10. 

(ii) On December 11—15, a drastic cooling of 
the middle stratosphere occurred over the arctic 
coast, as the polar-night vortex moved across 
the pole towards North America. The leading 
baroclinic trough reached western Alaska on 
December 11, reaching Edmonton on Decem- 
ber 15 and Moosonee on December 18. 
Thereafter for the remainder of the midwinter 
the polar-night vortex dominated all Canada. 
The polar-night jet lay on the average across 
northern Alaska, dipping southward to about 
65° N in the quasi-permanent east Canadian 
trough. Fig. 3 presents circumpolar s00-mb 
and 25-mb charts for December 29, 1958, 
showing the two circumpolar vortices, that 
of the troposphere having maximum winds 


Fig. 3 b. 
Fig. 3. Constant pressure charts. Solid lines—contours (gp ft) Dashed lines—isotherms (° C) 
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Fig. 4. 80° W cross-section for December 29th, 1958. Thick lines—fronts, trop- 
opause. Thin dashed lines—isotherms (°C). Medium solid and dashed lines— 
zonal isotachs (kts) 


in latitudes 35°—50° N. The essential separate- 
ness of the two vortices, stressed previously 
by HARE (1960), shows up in the cross-section 
along 80° W for December 29 (Fig. 4). 

(ii) From December 15 until January 30, a 
series of baroclinic waves in the polar-night 
westerlies moved east across Canada, with a 
consistent phase velocity of about 11° longi- 
tude per day. For the sake of easy identifica- 
tion, these waves have been arbitrarily num- 


bered. Table 2 gives their dates of passage at 
Edmonton and Moosonee. As Figs. I—2 
show, these waves were clearly marked in the 
thickness and temperature records, but no 
simple association with vertical motion was 
shown. The scale of these features is indicated 
by Fig. 5, which shows troughs IV and V. 
The Edmonton ozone curve will now be 
examined in the light of this history. The 


warm, anticyclonic phase of December 1—10 


Table 2. Baroclinic waves in middle stratosphere December 15—January 30, 1958—59 


Perturbation Date past Edmonton Date past Moosonee 

HRTOUS DELA CRE A En ME Re December 15 December 18 

Rıdae IE (imsigniticant) EN averse re a — 
HOUR TRE SEP atta Nake Mu Ua ee sees December 22 December 25 (weak) 

IG SCR I A CM re M a LE December 27 December 30 (weak) 
TOUS MIS ARR CR Sr RE ssa See A ce ce a December 30 January 2 

Ridge MENT Tee eine Lee ste Pa RÉ January 2 January 5 
round Te tel January 6 January 9 (weak) 

Kıdeeslve(msienuicant) ee ee — January 11 (weak) 
OUI a Vi SPRL PRES Chas OR ey eo suas te January 12 January 15 

SEO Notes tee ons January 18 January 191 
TOUR ARGOS, DAN Re 3 le ot ce January 24 January 23! 


Ridge VI (insignificant) 
ÉCURIES RUE cin payee 
RIT ed er Ml RRL SORE ES 3 


1 Waves moving from NNW, with marked tilt. 


January 27 
January 30 


January 30 
January 31? 


* Sudden warming effect, with collapse of trough VII east of Hudson’s Bay. 


Tellus XII (1960), 3 


OZONE VARIATIONS AND STRATOSPHERIC FLOW 


Fig. 5. Similar to Fig. 3. 


had high ozone, with the AZ and O, curves 
behaving alike. Troughs I and II were of small 
amplitude, and had no discernible effect on 
ozone. Hence December 11—22 was a period 
when ozone variations were of small ampli- 
tude, and were probably governed by the 
motion of tropospheric waves; the effects of 
these waves on the 200-mb temperature field 
is well shown in Fig. 1. Ridge II, well-developed 
over western Canada, produced a warm 
stratosphere and high ozone, the ozone rise 
preceding the thickness rise by two days. 
No subsidence could be detected except at 
200 mb on December 24, feeble uplift being 
typical of the period. Trough III amplified 
vigorously near Edmonton, with 24-hour 
ascent of 2 cm sec! at 25 mb. The uplift was, 
however, offset by subsidence at 200 mb; 
ozone amounts rose slightly. 

In January, Edmonton’s record is unmis- 
takably dominated by the middle stratospheric 
waves. At these levels troughs are cold, ridges 
warm; hence the ridges show up in Fig. 2 as 
maxima of 4Z, and troughs as minima. It 
is quite obvious that the O, curve behaves ina 
closely similar fashion, though, as the +0.65 
correlation coefficient shows, there are phase- 
lags and marked differences in relative ampli- 
tude. The Normand effect is largely suppressed, 
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even though the lower stratospheric tempera- 
ture field shows that tropospheric waves were 
active for much of the month. 

At Moosonee, it will be recalled (Table I) 
that December produced only a small correla- 
tion between OÖ, and AZ. As Fig. 1 shows, 
until December 17 (when the polar-night 
westerlies invaded the area) ozone hardly 
varied. Thereafter the O, and AZ curves are 
similar, but with marked phase-lags. A signif- 
icant, though small, negative correlation be- 
tween O, and Zoo. shows that the Normand 
effect was at work, in spite of the fact that 
the tropospheric westerlies lay well to the 
south for much of the month. In January, 
however, the middle stratospheric systems 
increased in amplitude, and as at Edmonton, 
dominated the ozone variation. The parallelism 
of the O, and AZ curves is very striking. 
Ridges III and IV produced small ozone peaks, 
but the much more profound ridging of 
January 23—24 produced a 50 per cent in- 
crease in ozone in 48 hours. Even more 
striking was the ozone increase—almost a 
doubling—between January 29 and February 1, 
associated with the sudden warming that 
followed the collapse over eastern Canada of 
trough VII. It is noteworthy that AZ and 
Zo00 Were significantly correlated in January, 
with a negative sign. This may account for the 
persistence of a small negative correlation 
between O3 and Zoo, in spite of the displace- 
ment of the tropospheric westerlies far south 
of Moosonee. 

If one compares the Edmonton and Moo- 
sonee January records, it is apparent that the 
ozone “waves” stayed roughly in phase with 
the thermal waves, and that these in turn 
remained in phase with those of the motion 
field (as, of course, hydrostatic considerations 
require). Throughout the month the stream 
velocity of the polar-night circulation was 
much stronger than the phase-velocity of the 
waves. Hence the wind blew through the 
isotherms of the thermal field, which was 
advected by the phase velocity of the baroclinic 
waves. It follows that in the middle stratospher- 
ic waves, the wind also blew through the ozone 
maxima and minima, since these remained 
in phase with the thermal systems. 

Little has: been said about the computed 
values of vertical. motion. Since they were 
computed by an approximate method from 
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very long trajectories, it is perhaps too much 
to expect that they will show any very close 
correlation with ozone variation; moreover, 
it is at present quite impossible to estimate the 
stream-advection of ozone, which obviously 
obscures the vertical motion effect. It is of 
some interest, however, to take the computed 
values and assess the order of magnitude of 
the ozone changes they might be expected to 
produce. Daily observations of the vertical 
ozone profile were unavailable, but a repre- 
sentative profile for winter at Edmonton was 
supplied by Dr. W.L. Godson, Meteorological 
Branch, Canadian Department of Transport. 
The original profile (derived from Umkehr 
determinations) was expressed in cm of O; 
at S.T.P. per 6 km layer. These values were 
converted into units of microns (10~* cm) 
of O, per millibar layer—i.e., mixing ratio. 
These values were then plotted as a linear 
function of pressure to give an equal-area 
transformation of ozone change for given 
vertical displacements of the curve. The slope 
of the ozone mixing ratio curve was found to 
be as follows :— 


Pressure Surface Slope of Os Profile 


(u mb?) 
25 mb 0.7 
50 mb 0.25 
Ioo mb 0.1 
200 mb 0.04 


For convenience, the Umkehr values were 
also integrated over pressure and time. This 
gave an increase of 0.008 cm for each of two 
stratospheric layers, 20 mb to 100 mb and 100 
mb to 250 mb for a unit vertical motion of 
1 cm sec! over a twelve-hour period. The 
computed vertical motions at Edmonton gave 
an average daily change of 0.005 cm in the 
upper layer and 0.006 cm in the lower layer. 
The largest change computed for either layer 
was about 0.03 cm in 24 hours as compared 
to the largest total ozone change of 0.09 cm. 
The correspondence between the computed 
ozone changes for both layers and daily total 
ozone changes, over the two-month period, 
was not impressive, confirming the expected 
complexity of the vertical and horizontal ad- 
vective processes. 
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5. Conclusions 


The writers suggest that these results support 
(though they do not finally prove) the im- 
portance of baroclinic waves of the polar- 
night vortex in daily ozone variation in the 
midwinter months in high latitudes. In sum- 
mary :— 


(i) when the. polar-night westerlies were 
present over Edmonton and Moosonee, 
and their baroclinic waves were of high 
amplitude (as in January), the variation 
in total ozone followed fairly closely the 
motion of these waves, ozone maxima 
and minima seeming to move with their 
phase-velocity, as did thermal maxima 
and minima; 

(ii) the correlation between ozone and middle 
stratospheric temperature was high at 
such times; at Edmonton, moreover, it 
was also high in the anticyclonic phase 
of early December. In general, this correla- 
tion exceeded the well-known Normand 
correlation; 

no obvious correlation with local vertical 


motion could be established. 


(ii) 


If conclusion (i) is valid, it is clear that ozone and 
temperature variation along trajectories must be 
governed by similar conservation equations; 
if vertical motion and divergence are con- 
sidered to be the appropriate mechanism, 
these must be so adjusted along the trajectories 
as to permit the isolines of ozone concentration 
to remain in phase with the ridges and troughs 
in the contour pattern. 

These tentative findings cannot be extended 
to other latitudes or seasons. At all other times 
of year the middle stratosphere has undisturbed 
flow, with little vertical motion in middle 
and high latitudes. At such times the Normand 
effect must dominate the ozone record. Even in 
winter, moreover, the polar-night waves have 
a high amplitude only in sub-arctic latitudes, 
and there is some evidence that amplitudes 
over Eurasia are less, and the wave-structure 
more complex, than over Canada. 
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On the Exchange of Carbon Dioxide between the Atmosphere 
and the Sea 
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Abstract 


The physical and chemical processes responsible for exchange of carbon dioxide between 
the atmosphere and the sea are analyzed. It is shown that the rate of transfer is considerably 
decreased due to the finite rate of hydration of CO, in water. This is the case both for a smooth 
water surface where molecular diffusion plays a rôle in the first few hundredths of a millimeter 
as well as for a rough sea where turbulence extends all the way to the surface. À general agree- 
ment is found between the transfer rate deduced in this way and the rate of exchange estimated 
on the basis of the C14/C12 ratio in the atmosphere and the sea. 


I. Introduction 


Recent studies of the exchange of carbon 
dioxide between the atmosphere and the sea 
(REVELLE and SUESS, 1957; CRAIG, 1957; 
ARNOLD and ANDERSON, 1957; BOLIN and 
ERIKSSON, 1959) using measurements of radio- 
carbon in the atmosphere and the sea have 
given a residence time for carbon dioxide 
in the atmosphere of 3—7 years. This result 
has been obtained considering the atmosphere 
and the sea as well mixed reservoirs (the 
latter one divided into an upper and a lower 
part) and assuming the exchange between 
them being directly proportional to the con- 
centrations. The value of the residence time is 
roughly proportional to the difference of 
C14/C!2 in the atmosphere and the surface 
layers of the ocean (after correction for frac- 
tionation). A large number of new measure- 
ments has recently become available (Brorc- 
KER etal., 1959) and they agree in general with 
the previous measurement reported by REVELLE 
and Susss (l.c.). Considerable variations occur, 
however, for example between the surface 
waters around the Antarctica and the North- 
ern Atlantic. We shall here accept a value for 
this average residence time of about $ years 


but keep in mind that this is an average value 
applicable to the ocean as a whole. 

Obviously the model of the atmosphere 
and the sea adopted in these studies is a gross 
oversimplification of actual conditions and it 
therefore seems desirable to investigate a little 
more in detail the processes that bring about 
this exchange. It is of particular interest to 
analyze the proposal by Erıxsson (1959), that 
the comparatively slow rate of hydration is 
of importance. 


2. Chemical and physical processes governing 
the exchange 


The carbon system of the sea consists of 
dissolved carbon dioxide, carbonic acid, bicar- 
bonate and carbonate ions, which are all in 
approximate equilibrium. We may write 
(BUCH ET AL., 1932) 


(4,0054 H,0 =H,CO;= H+ 
+HCO; =2H + Cas (1) 
(b) CO, +OH=HCO.=H7 Co, 


The first reaction is the only one of impor- 
tance for pH< 8 and the latter one is the 
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dominating process for pH > 10 (cf. Mrs 
and UREY, 1940). When dealing with the 
ocean surface (pH = 8.0—8.2) we may dis- 
regard the second one. 

The dissociation of carbonic acid into bicar- 
bonate ions and further into carbonate ions is a 
fast process and may for all practical purposes 
be considered as instantaneous. The hydration 
(and dehydration) expressed by the first reaction 
in (ta) proceeds with a finite speed, which is a 
function of pH and temperature. It has been 
determined experimentally (Murs and Urey, 
1940, ROUGHTON, 1941) for neutral solutions 
for temperatures ranging between 0° C and 
35° C. Denoting the rate of hydration by oy 
and dehydration by &, we have 


== (2) 


where K is the equilibrium constant. Table 1 
gives values for these quantities as a function of 
temperature. 


Table 1 
Temp. CA Co K 
°C seca Seca 
0° 0.002 2 1000 
27,5 0.028 31 1100 
Be 0.10 80 800 


It is probably not permissible to neglect reac- 
tion (1 b) completely at the ocean surface and 
the rates given in table 1 may therefore be 
somewhat too small. We shall use a value of 
& = 0.03 sec! in the following. It will be 
seen, however, that the value does not enter 
critically into any of the results deduced. 

The dissociation equilibrium between H,CO, 
and the bicarbonate and carbonate ions is, 
on the other hand, very sensitive to the pH 
(cf. Harvey, 1955, BOLIN and ERIKSSON, 1959). 
Since we here shall be considering steady state 
processes, we need not, however, be concerned 
with this in the following. 

The transfer of carbon dioxide through the 
atmosphere and the sea takes place by tur- 
bulent processes except possibly in the inter- 
mediate vicinity of the sea surface where 
molecular diffusion may play a role at least 
in the case of a smooth surface. The transfer 
across the sea surface is dependent on the 
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number of molecules colliding with the inter- 
phase and being retained in the water when 
coming from the air and vice versa. 

Transfer in the atmosphere has been studied 
in connection with evaporation (cf. SVERDRUP, 
1951). It has been shown that the observed rates 
can be explained if considering a boundary 
layer with molecular diffusion above which 
the turbulent transfer is dominating. The 
characteristics of this boundary layer are not 
very well known and it is doubtful whether it 
exists at all in case of a rough sea surface. Its 
thickness is of the order of 1—10 mm except 
in calm weather. Very little is also known 
about a corresponding boundary layer in the 
sea. The rate of molecular diffusion of a gas 
through water is, however, about 104 times 
less than the corresponding rate of diffusion 
through a gas at standard pressure and tempera- 
ture. Thus if the thickness of the boundary 
layer in the sca were considerably more than 
1074 of the thickness of the boundary layer 
in the air, ic. more than about 1 u and the 
solubility close to unity or less the diffusion 
through this water layer would be much more 
decisive in determining the rate of transfer 
between the atmosphere and the sea, than 
molecular diffusion through the lowest layer 
of the atmosphere. Now we know that the 
residence time for water in the atmosphere, 
obviously controlled by mixing processes in 
the atmosphere, is only about 10 days as 
compared with about five years for carbon 
dioxide. This fact in itself tells us that the 
comparatively long residence time for carbon 
dioxide in the atmosphere depends on slow 
transfer in the surface layers of the ocean 
rather than the lowest layers of the atmosphere. 
We shall indeed find that the transfer is 
essentially due to transfer of dissolved CO, in 
which case the solubility may be considered 
close to unity and furthermore studies of gas 
bubbles in sea water (WYMAN ET AL., 1952) in- 
dicate a thickness of the molecular boundary 
layer of about 35 y. In the following we shall 
assume that the gas phase above the sea surface 
is well mixed and consider the processes in the 
sea as rate determining. 

In case of strong winds and a rough sea 
surface most likely no molecular boundary 
layer exists. The turbulent eddies reach all 
the way to the surface which is clearly indi- 
cated by the fact that air bubbles may be found 
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at considerable depth under these conditions. 
Since the turbulence in this case is induced by 
the wind, one might even expect the eddy 
diffusivity to have a maximum at the surface 
as was found for the eddy viscosity in a case 
studied by RossBy and MONTGOMERY (1935). 
Values for the eddy diffusivity range between 
0.2 and 100 cm? sec”! (SVERDRUP, 1942). 

According to kinetic theory of gases the 
number of molecules (S) penetrating into the 
water surface is given by 


S=1/4c-v.v (3) 


where » is the number of molecules per unit 
volume, 9 is the mean molecular speed and c 
the fraction of all colliding molecules that is 
retained in the water. In our case ? & 104 cm 
sec-!t. The residence time of carbon dioxide 
in the atmosphere of about 5 years corresponds 
to a transfer velocity of 7 : 10”? cm sec”! (in 
terms of CO, at the pressure prevailing in the 
atmosphere). Thus the molecular transfer 
velocity across the sea surface is larger than 
this observed transfer velocity as long as c > 
4: 10°. Recent studies by MÜNNICH and Vo- 
GEL (1959), indicate that the molecular 
transfer across the surface of a NaOH solu- 
tion may be considerably greater than 0.1 cm 
sec-1 indicating that the transfer across the 
surface is not a limiting factor for the ob- 
served rate of transfer. It would, however, 
be of great interest to determine the con- 
stant c in (3) experimentally and not merely 
know that c > 107° as implied by Münnicx 
and VOGEL’S experiment. 

The previous discussion is valid for a smooth 
water surface. In case of a rough sea with 
breaking waves droplets in the air and bub- 
bles in the water probably take same part 
in the exchange of CO,. This is, however, 
not of principle importance since in such a 
case the turbulence in the atmosphere and 
the sea is so violent and still plays the most 
important rôle. This can be seen from the 
fact that the amount of CO,.-gas in a bubble 


* We shall use the term transfer velocity in the following 
as the depth of a column of the gas at prevailing pressure 
in the gas phase that is transferred across a horizontal 
surface (usually the sea surface) per unit time. Clearly 
a transfer velocity in the water in the case of a steady 
state is the velocity defined above divided by the solubility 
of the gas in water (cf. equ. 7). Solubility of CO, gas 
will be assumed to be unity in the following. 
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is about the same as the amount of dissolved 
CO,-gas in the same water volume. In the 
case of bubbles penetrating into the sea tur- 
bulent motion extends to the surface and 
due to the great solubility of CO, in water 
much more CO; is transferred by this tur- 
bulent motion of the water than the com- 
paratively very small quantities of gas pre- 
sent in form of bubbles. With regard to 
droplets in the air we recall that the res- 
idence time for carbon dioxide in the air 
of about five years means a transter across 
the sea surface equal to the total amount of 
CO, present in a 20 m deep layer of the 
ocean every year. Due to the slow hydration 
process it takes of the order of minutes to 
establish an equilibrium between the drops 
and the surrounding air. Only very small 
drops that stay an appreciable time in the 
air therefore are of importance. Assuming for 
the moment that all transfer were due to 
exchange between the drops and the sur- 
rounding air. This would imply a transfer of 
sea salt into the atmosphere at such a rate 
that even if assuming the highest observed air 
concentration of salt (see Station Vinga, EGNER, 
ERIKSSON, 1955) the amount of salt present 
in a layer of about 25 m were transferred into 
the atmosphere in a second. This is obviously 
unrealistic. 

In the previous discussion we have already 
used the word residence time several times. 
In the case of exchange between well-mixed 
reservoirs this concept is uniquely defined as 
the inverse of the exchange coefficient (cf. 
e.g. CRaAIG, 1957). Obviously the residence 
time for molecules in incompletely mixed 
reservoirs is a function of the initial position 
of the molecule considered. Thus molecules 
immediately above the sea surface on an 
average stay a much shorter time in the atmos- 
phere than those in the middle of the tropo- 
sphere. An average residence time is of course 
a function of the internal mixing in the atmos- 
phere and the rapidity of the molecular 
transfer across the sea surface. According to 
our previous discussion the latter implies 
a transfer velocity larger than 0.1 cm sec-1 
or a residence time less than three months 
and the internal mixing of the troposphere 
has a characteristic time scale of one to two 
months (Lat, PETERS, 1959). The five years’ 
residence time for carbon dioxide in the 
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atmosphere must then mean that only a small 
fraction of molecules entering the sea surface 
ever have a chance to be transferred into the 
main part of the sea, ie. beyond a very thin 
boundary layer. The residence time as deduced 
from C14/C12 measurements therefore is the 
average time for bringing a molecule from 
the interior of one reservoir to the interior of 
the other. The residence time for carbon 
dioxide in the atmosphere defined in this way is 
essentially dependent on incomplete or slow 
mixing in the sea. 


3. Molecular and turbulent transfer of carbon 
dioxide in the sea 


The transfer of carbon dioxide in the ocean 
has been studied by DINGLE (1954). He treated, 
however, the hydration process as a one-way 
reaction and furthermore a thorough discussion 
of the molecular and eddy diffusivity is 
lacking. The residence time of about one day 
arrived at is not compatible with our previous 
discussion. We shall here reconsider the prob- 
lem. In accordance with our previous dis- 
cussion we shall assume complete mixing in 
the atmosphere and an immediate adjustment 
of conditions at the sea surface. 

Consider an infinite surface, horizontal 
homogeneity of the water and no net vertical 
velocity. We denote by n’ the amount of 
dissolved carbon dioxide and by n” the sum 
of the remaining inorganic carbon compounds 
in the water. We shall assume that the dis- 
sociation in (1a) is very fast. The rate constant 
(«*) expressing the rate of transfer of H,CO,, 
HCO, and CO, into dissolved CO, then is 
given by 

TEN. 

HART NEN? (4) 
where N’ and N denote equilibrium values 
for dissolved CO, and total amount of carbon 
in the system. Considering now the vertical 
distribution of n’ and n’” being dependent 
both on the chemical reaction (1a) and mo- 
lecular or turbulent diffusion we obtain 
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where A is the molecular or eddy diffusivity. 
The boundary conditions at the sea surface 
express the fact that only the dissolved carbon 


dioxide is in exchange with the atmosphere. 
Thus 


(a) - À Das Bin! -- Botta 
Z=0 (6) 
on” 
(b) — A Ze =o® 


Here the coefficients ß, and 6, express the 
number of molecules leaving the water or 
penetrating into it respectively and n, is the 
concentration in the gas phase. In case ofan 
equilibrium we have 9’/9z =o and thus 


/ 


n = in =o (7) 


BalBi is an expression for the solubility of 
carbon dioxide. If the coefficient c in equ. (3) 
is large (cf. sec. 2) the left side of equ. (6a) is 
small compared with the two terms on the 
right side and we may use the boundary 
condition (7) also in case of a net transfer 
taking place. In addition we shall assume 
complete mixing below a certain depth, d 
and thus have 
n =114 n'=n; z= -d 
() 


, 2 
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The complete time-dependent problem as 
outlined above leads to a nonhomogeneous 
partial differential equation of fourth order 
with variable coefficients. We shall here only 
treat a few special cases which still are of 
considerable interest. 


a. Molecular diffusion through a 
boundary layer 


Let us assume that the turbulence in the 
interior of the water mass is intense enough to 
maintain any necessary transport and that 
all gradients of n’ and #” are confined to a 
boundary layer through which molecular diffu- 
sion is predominant. Consider furthermore a 
steady state, where the transfer still is too 
small to affect conditions in the air (n,‘) or in 
the turbulent part of the fluid (n,’ and n,’’) over 
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the time interval considered. The equations (5) 
are transferred into 


LA 
ER An 
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with the boundary conditions (6 b) (7) and (8). 
# is the molecular diffusivity and d now de- 
notes the thickness of the boundary layer. 
We here deduce the following expression for 
the flux of total amount of carbon dioxide 
towards the interior of the fluid 


Ny — Ng Oy + 0% 


F4 d CA u 
erd + e-yd ( 
= + * 10 
ev4(1 +2 yd) —e-v4(1 - 2 yd 
Xy ay 
where 
AS (11) 


Obviously the flux depends upon the total 
gradient imposed (ng — #4’) + d-! and yd which 
expresses the ratio of the rate of hydration 
and dehydration to the rate of molecular 
diffusion through a layer of thickness d. We 
have the two limiting cases yd > co (diffusion 
is slow compared to hydration) and yd > o 
(diffusion through the layer considered is fast 
compared to the rate of hydration). We get 


N; 
No — Mg O + a 


lime Fox = ES 

yd—>oo d a, ( ) 
lin SD CPL ma (13) 
yd—>0 d 


In the former case the hydration equilibrium 
is established everywhere on’ = &g*n’”’ and 
the downward transfer is due to diffusion 
of both dissolved gas and bicarbonate and 
carbonate ions. In the latter case, on the other 
hand, no gradients of n’ are ever established 
and the transfer is only due to transfer of 
dissolved gas. Figure 1 illustrates the principle 
difference between these two cases with 
regard to the distribution of n’ and n” in 
the boundary layer. Figure 2 shows the flux 
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depth | 


Fig. 1. Distribution of n’ and n” as a function of depth in 

a thin boundary layer with a steady flux of carbon 

dioxide. (a) shows conditions when yd is large (> ), 
(b) shows conditions when y d is small (> o). 


lou 1004 


O1em Icm 10cm 100cm 


Fig. 2. The steady flux (F) of carbon dioxide through a 

boundary layer (d) normalized to a unit difference in 

concentration between the boundaries of the layer. The 

straight lines show the asymptotic values given by 
equations (12) and (13). 


as a function of d. We have here assumed 
*= 210-5 cm? sec-l, a, = 0.03 sec-t and 
%, = 150 :æ* (according to equ. (4) and the 
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values for N and N’ as given by Bouin and 
ERIKSSON, 1959). We find F = F, within 10 % 
for d< 130 u while F =F. within again 10 % 
for d > 20 cm. We furthermore note that the 
thickness of the boundary layer should be 
about 35 u to yield a transfer rate corresponding 
to the residence time of CO, as obtained from 
CM/C2? data. It is interesting to note that this 
is equal to the value of 35 u derived by Wyman 
ET AL. (1952) using a similar model of diffusion 
of O, and N, when studying bubbles in sea 
water. The exact agreement may be a coin- 
cidence since we have not yet considered the 
relative importance of carbon dioxide transfer 
in areas with a rough sea surface. The general 
agreement is, however, no doubt significant. 

In his treatment of the CO,-transfer into 
the ocean DINGLE (1954) assumed that we 
may put «* =o in equation (5). The first of 
the two equations may then be solved inde- 


pendently of the second yielding 


(14) 


| ee 
F= 1: Va,:% 


This gives a transfer velocity of 8 - ro-* cm 
sec—}, i.e. much less than the velocities actually 
observed. The interpretation is obviously 
that the turbulence in the interior can maintain 
a steeper gradient of n’ than the hydration 
and thus the thickness of the boundary layer, 
dependent on the intensity of mixing in the 
interior of the fluid, is the rate-determining 
factor. It is interesting to note that for an 
increasing thickness of the boundary layer the 
transfer remains constant at V#x, & 8 - 1074 
cm sec-! over a wide range of values for d. 
The decreasing effectiveness of diffusion is 
compensated by the increasing importance of 
hydration. Since a stagnant layer within which 
only molecular transfer takes place can hardly 
be more than a millimeter thick in the ocean 
we find that the rate given by (14) is the 
minimum transfer rate for CO». 


b. Turbulent diffusion of carbon 
dioxide into a water body 


Let us next consider a case in which the 
diffusivity is equal to the molecular diffusivity 
x at the sea surface and then increases linearly 
towards the interior of the fluid. The results 
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are, however, not sensitive to the profile. 
As long as A=x at the surface (a smooth 
surface) the results apply and we shall in this 
way be able to make use of our knowledge 
about turbulence in the sea as deduced from 
eddy exchange of heat and salt (eddy diffusiv- 
ity of the order of 10—s50 cm? sec-1, cf. 
SVERDRUP et al., 1942). 

We may thus replace A in equation (s) by 


(15) 


In steady state our differential equations (5) 
applied to a layer, d, now become 


A= -kz+x (z <0) 
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again with the same boundary conditions as 
before (6b), (7) and (8). The solution of this 


system of equations yields 


CA 
n = RE [Bo In x + B:] ap 
+ CyJo(2i Vbx) + C,Y, (2i Vbx) (17) 
” a 
n enverra] - 
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Here J, and Y, are Bessel functions of zero 
order and of the first and second kind with 
imaginary argument, x = —kz + x, b = k-? 
(x, +æ2*) and Bo, By, C, and C, are integration 
constants. For k = 10-3—r cm sec’! and 
d = 1—108 cm, we have C, ~o and we 
obtain the following expression for the flux 


oy + OD 
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ï 
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Y, being the Bessel function of first order and 
second kind. As two limiting cases we have 


for relatively rapid respectively slow hydration 
rate as compared with the rate of diffusion. 
In order to have a transfer velocity of 7 - 10° 
cm sec-1, we must have k > 0.1 cm sec! 
regardless of the value chosen for d between 
ı and 10? cm, which in turn means that the 
mixing at these depths is that intense that no 
appreciable gradients are necessary to bring 
about the transfer determined by processes 
in the vicinity of the sea surface. The value 
of k thus obtained implies an eddy diffusivity 
of A = 10 cm? sec! at the depth of about 
1 m. If we permit a thin layer of molecular 
diffusion at the surface an even more rapid 
increase of the eddy diffusivity with depth 
must exist in order to have a transfer velocity 
rye 105°) cm sec. In Any cases, we are 
close ton thes case, given by equ. (20), 1e 
hydration is of little importance in deter- 
mining the transfer away from the surface. 

In case of a rough sea surface the turbulence 
elements presumably reach to the surface 
and no boundary layer with molecular diffu- 
sion exists. The turbulence is now intense 
enough that once a CO,-molecule has been 
hydrated it will with all likeliness be mixed 
throughout the mixed layer before being 
returned to the atmosphere. The rate of 
transfer of CO, molecules into the water is 
then approximately given by equation (14), 
where, however, we insert the turbulent dif- 
fusivity A instead of the molecular one x. For 
A=1 cm? sec~! the transfer velocity becomes 
0.17 cm sec~! and for A = 10 and 100 cm? sec-1 
we obtain respectively 0.6 and 1.7 cm sec-1. 
These values correspond to an atmospheric 
residence time of 60, 20 and 6 days respectively. 
These rates are now comparable to the rate 
of overturning of the mixed layer as a whole, 
which we know has a characteristic time scale 
of a month or two indicated by the almost 
in phase variations of O, in the ocean and tem- 
perature disregarding effects caused by biologi- 
cal activities (cf. REDFIELD, 1948). A value of 
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A = 10 or 100 cm? sec“! also implies a charac- 
teristic mixing time of a layer 100 m deep of 
100 and 10 days respectively. 


4. Conclusions 


It has been shown above that droplets in 
the air and bubbles in the sea play an insignif- 
icant role for the exchange of CO, between 
the atmosphere and the sea. Similarly the 
turbulent and molecular transfer in the atmos- 
phere is rapid as compared to the correspond- 
ing processes in the sea. In case of a smooth 
water surface a transfer velocity of 7 : 10? cm 
sec! (corresponding to a residence time for 
CO, in the atmosphere of about five years) 
implies a boundary layer not thicker than 
about 35 u in fair agreement with the thick- 
ness of the boundary layer around a bubble 
as deduced from observation of the rate of 
solution of bubbles in water. For a rough sea 
surface the transfer velocity may be 10 to 100 
times larger. 

By far the greatest part of the ocean surface 
is smooth but it seems impossible to say what 
the importance is of the increased transfer in 
stormy regions. Off hand one would for 
example expect a smaller difference in the 
C14/Cl2 ratio between the atmosphere and 
the sea in a stormy area (after correction for 
fractionation). The turbulent transfer within 
the sea also becomes larger in such a case, 
whereby such an effect may be masked. It 
would be of great interest to study this ratio 
in the surface layers of the sea and the atmos- 
phere above. A comparison between the 
stormy areas around latitude so’ and the 
relatively calm regions in the subtropics would 
be of particular interest. An especially in- 
teresting phase prevails at present in that the 
excess radiocarbon introduced by hydrogen 
bombs is being transferred into the oceans. 
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On the Appearance of Ninhydrinpositive Substances in the 
Atmosphere 


By F. MUNCZAK, First Institute of Physics, Vienna 


(Manuscript received November 17, 1959) 


Abstract 


This report is part of a larger work (entered at the Austrian Academy of Sciences on 2oth 
June, 1959) which appears here without significant alteration and translated into English; it deals 
with the investigation of atmospheric organic nitrogen compounds. On some days in the course 
of these investigations the appearance of ninhydrinpositive substances could be established and 
at least some of them could be identified with great probability as amino acids. Observations 
are made about the appearance of these substances in relation to meteorological factors, and about 
the sizes in which particles of these substances may appear. Some remarks are added about 
their possible origin and the influence their appearance may have on life. 


Introduction 


Since the middle of the last century there 
have been a great many investigations into the 
presence of nitrogen compounds in the atmos- 
phere and in precipitations. By far the largest 
number of these investigations have involved 
both ammonia and its salts and nitrates and 
nitrites, whilst only relatively few investigations 
about organic nitrogen compounds have been 
made. The different views on the formation 
and cycles of these substances (and the signif- 
icance which individual authors attribute to 
the various sources of atmospheric nitrogen 
compounds) prove the complexity of this prob- 
lem. Although a number of questions connect- 
ed with the atmospheric inorganic nitrogen 
compounds remain unsolved, the uncertainty 
increases as soon as the appearance of organic 
nitrogen compounds is considered, especially 
since there are very few works which deal 
with the nature of these compounds. Indeed 
one dare say that this field of research is hardly 
explored, as until now almost the only goal 
of investigation has been the determination of 
the amount of albuminoid nitrogen, i.e. the 


ammonia released from organic matter in 
precipitation when treating it with oxidizing 
agents, or by Kjeldahl digestion. (These are 
both summary methods.) Thus it is not possible 
to decide whether this albuminoid nitrogen 
is produced by fragments of organic matter, 
bacteria, pollens etcetera, or from more simple 
nitrogen compounds, e.g. amino acids or 
amines. As far as is known, FONSELIUS (1954) 
was the first to find in precipitations the most 
simple nitrogen compounds of organic matter 
(ie. amino acids) using the methods of chro- 
matography, which are especially fitted for 
this kind of research. 


Different explanations of the appearance of 
amino acids in the atmosphere are conceivable. 
They may be set free by the decomposition of 
organic matter or even perhaps arise in connec- 
tion with the combustion of solid or liquid 
fossil fuels. Finally it is possible that higher 
organic nitrogen compounds arise from a syn- 
thesis from more simple compounds, similar 
perhaps to that of Mitier (1953, 1955, 1957) 
or from other synthesis hitherto own. 
All these possibilities may be taken into con- 
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sideration. As early as 1934 TREIBS (1934, 193 5) 
produced evidence of relatively unchanged 
chlorophyll- and hæmin-derivatives in crude 
oils, coal and bituminous rocks. (In crude oils 
he found porphyrinderivatives in an amount 
of 2y—10 mg per 50 g crude oil.) It is quite 
possible that during combustion small amounts 
of these derivatives or fragments of them, 
escape into the air. Since these compounds 
contain nitrogen in the form of the pyrrol 
ring, according to the preservation of this 
ring or its splitting, the formation of more or 
less simple nitrogen compounds is possible. 
Just as these hæmin- and chlorophyll-deriva- 
tives survived almost unchanged for millions 
of years, so did amino acids in fossils. Thus 
alanine, glutamic acid, glycine, leucine or 
isoleucine and proline have been identified 
beyond doubt and valine less certainly by 
ERDMAN, MARLETT and Hanson (1954). These 
are almost the same amino acids which ABEL- 
SON (1957) lists as the most stable; so alanine 
may survive in solution for billions of years at 
room temperature, 100 years at 120 degrees 
and a few hours at 250 degrees. To the more 
stable amino acids may be added also amino- 
butyric acid, glycine, isoleucine, leucine, pro- 
line and valine, whilst all others are less stable. 
Even if the existence of free amino acids in 
fossil fuels is not very probable, because in 
organic fuel of lesser age only such higher 
compounds as sugars, waxes, fats and resins 
have been found (cited after ABELSON, 1957), 
it is possible that aliphatic nitrogen compounds 
may be present from which under special 
conditions amino acids or similar compounds 
could be synthesized. In view of the preferred 
absorption of nitrogen compounds in water 
which is favoured by certain weather condi- 
tions, this synthesis could take place in little 
water droplets whereby the smallest particles 
of dust, aerosol or seasalt could act as catalysts 
for chemical or photochemical processes. 
Thus in the smallest space, i.e. in the droplets 
themselves, it is possible to conceive conditions 
which sometimes differ from those predom- 
inant in the atmosphere as a whole. So, for 
example, in contradiction to the surrounding 
oxidizing atmosphere, reducing conditions, 
at least for short periods, would be possible 
in these small spheres, producing reactions 
which could otherwise occur only with con- 
siderable activation energy and in very small 
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yield in an oxidizing atmosphere. The oxida- 
tion of SO; to SO, could be cited as an example 
for the establishment of such conditions, since, 
owing to industry, home heating and traffic 
aerosol, a relatively large amount of these 
compounds is brought into the air. This or 
similar processes would, like a Miller synthesis, 
in which u.v. radiation provides the necessary 
energy, lead to the formation of amino acids. 
However, the great reactivity of many rather 
simple organic nitrogen compounds and their 
great affinity for water and carbon dioxide 
makes a large number of reactions possible. 

The substances found, or the compounds 
from which they originate, could have been 
formed near the place where the sample is 
taken or carried from further afield by air 
or winds. Thus, e.g. ÂNGSTRÜM and HÖGBERG 
(1952), gave evidence that the content on 
NH,N resp. NO,N in precipitations depend 
on the air masses out of which they are formed 
(see table 1). 


Table 1. 


Number of 


invest. preci- ea NH,N ee NO;N EN 
pitations ee Tk 
20 tropic] 0,0354] 1,00 |0,0142] 1,00 

92 polar |0,0262| 0,74 | 0,0131] 0,92 

5 arctic |0,0172| 0,49 | 0,0094| 0,66 


Description of Apparatus and experimental 
Conditions 


The air investigations were carried out in a 
laboratory at Strudlhofgasse 4, Vienna IX, 
within the centre of the city, close to streets 
with heavy traffic. Just below and immediatel 
opposite the laboratory is situated a ll 
petrol station. The air-samples were taken 
out of the atmosphere at an approximate 
height of 10 metres above the ground by a 
glass tube with a diameter of 10 mm. The 
outer end of the glass tube was bent down- 
wards. To keep out dust and those nitrogen 
compounds which together with the dust 
enter into the atmosphere, the air was filtered 
with filters of different pore-size. The air was 
then passed into a bubble-tube, as already 
described in similar form by other authors (see 
fig. 1). A water-jet vacuum-pump sucked the 
air in; the rate of flow of the air was regulated 
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Fig. 1. Absorption-vessel. 


by a set of capillaries and pressure variations 
were eliminated by a glass reservoir positioned 
in front of the water-jet pump. The air volume 
was determined by a rotameter used in 
connection with a manometer. The passing of 
the air between a cooling finger and a cooling 
jacket (both ice-cooled) ensured a sufficient 
cooling of the water-saturated air to make 
losses of absorption-fluid insignificant (even 
in experiments lasting some days and in outside 
temperatures of 25 degrees C and higher). 

The flow-rate was about 120 litres an hour 
under normal pressure, which meant approxi- 
mately 1 m? if the test lasted for 9 hours (as 
was usual). 150 cm? of twice-distilled water 
was used as absorption-fluid (for the second 
distillation a quartz distillation set was used) 
and to it was added 0.2 cm? glacial acetic acid 
per analysis. Acidification of the absorption- 
fluid with acetic acid instead of with hydro- 
chloric acid proved more useful, as the fine 
bubbles formed while using the former re- 
mained longer without much coalescence on 
their way through the liquid; a good mixture 
of the air with the liquid was thereby assured. 
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Under reduced pressure (water pump) the 
absorption-fluid was evaporated to dryness at a 
temperature of 35° C. The residue was taken 
up with a drop of doubly-distilled water and 
investigated by circular paper chromatography. 
To filter the air, either Weissband filters of 
Schleicher and Schiill or membrane filters 
No. 5 of Sartorius, Göttingen, were used. 
The exact pore-size of the “Weissband” fil- 
ter is unknown to the author, but according 
to Römpp (1958) it may be about s u. The 
manufacturer of the membrane filter used 
gives its pore-size as 0.25—0.40 U. The air was 
filtered prior to its examination to prevent 
greater contamination of the sample. Later, 
when two devices both with these filters were 
running simultaneously, the different pore- 
size of the filters made possible a separation 
of the investigated particles according to size 
and so gave evidence about the approximate 
particle-size of the different fractions. 

Owing to its good discriminating power 
and long running-time which permitted an 
easier control of the running chromatogram, 
filter paper 2045 b made by Schleicher and 
Schiill was used. The substances were arranged 
in a circle with a radius of 2.0 cm around the 
centre of the chromatogram in 6—8 equal 
distances. This arrangement and the applying 
of test substances besides the substances under 
investigation made it possible to compare R-- 
values and colours, and corresponds to the 
method described by Girt and Rao (1952). A 
butanol/acetic acid/water-mixture was gener- 
ally used as solvent for the chromatography, 
also several times water-saturated phenol. For 
the few two-dimensional chromatograms which 
were carried out, the above-mentioned com- 
binations of solution mediums were used. In 
general the chromatograms were developed 
by a 0.2% ninhydrin solution in butanol and 
acetic acid and then heated. The development 
aiming at finding ninhydrinpositive substances 
in the atmosphere was used because, in the 
adopted arrangement of tests, the test for re- 
ducing substances (with ammoniacal silver ni- 
trate solution, benzidine and with triphenyl- 
tetrazolium chloride) as well as for phenols 
(with FeCl;) remained negative. Repeated 
blank tests as well as investigations of the air 
with a negative ninhydrin reaction on the 
chromatogram, which can be counted as ne- 
gative blank tests, showed the freedom of the 
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chemicals used from ninhydrinpositive sub- 
stances. 

From the local meteorological conditions, 
temperature, air pressure, relative humidity, 
wind and cloudiness were recorded, though 
summarily. At the end of the experiments, 
the filter contamination was estimated visually. 
To these data were added those of the Central 
Institution of Meteorology and Geodynamics 
in Vienna, concerning air masses and duration 
of sunshine at the time of experiment. 


Results of Investigations 


Duration and Classification of Experiments 


On average, tests were run for 9 hours, 
mostly between 9.00 a.m. and 6.00 p.m. 
Longer investigations were carried out from 
January 28th to March ıst, 1958, covering a 
period of 33 days, another from March 24th 
to March 2oth, followed by one from March 
31st to April 4th, 1958, and finally one running 
from April 17th to April 26th, 1958. A day- 
and-night series was run uninterrupted from 
3rd to 13th July, 1958 and carried through with 
3 devices so that 46 air samples were collected 
and tested. All in all the atmospheric air was 
tested for ninhydrinpositive substances on 
more than 100 days, and the results of these 
investigations were correlated with general 
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meteorological conditions, prevailing air masses 
and local weather conditions. 

The experiments can be divided into two 
groups. Firstly when two similar devices were 
available, an attempt was made to find out 
the approximate order of magnitude of the 
investigated substances by inserting filters of 
different pore-size in front of the absorption 
vessel. Later on, when the interest was directed 
more to the identification of the substances, 
one apparatus was used to provide the material 
for the daily air examinations, whilst in the 
second apparatus material was collected (during 
a longer period) for chromatographic investi- 
gations of substances absorbed out of the air. 
These longer tests were always run for several 
days and during this period the same acetic 
acid solution remained in the absorption 
vessel. In the first investigations the same filter 
as used in the other apparatus was kept in the 
filter holder for the whole test. Later on it 
was replaced daily by a new filter to eliminate 
changes which might have been caused by 
filter contamination. Thus analogous working 
conditions were obtained on both devices. 
On the whole, the long running test did not 
show any other quantitative and qualitative 
result as would correspond to the sum of the 
individual test-results obtained within the 
same period. 


Fig. 2. Chromatogram of substances obtained 
beyond Weissband- and membrane filter. 


I, II, III — Samples taken beyond the Weiss- 
band filter on October 14th, Isth 
and ISth, 1957. 


3 — Samples taken beyond the mem- 
brane filter No. 5, taken on the 
same days. 

III and 3 — almost negative results (obtained 

beyond both filters) of samples 

taken on 18th October, 1957. 
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Result of using Filters with different Pore-Size 


Unfortunately there exist only a few results 
giving information about the size of particles 
which cause ninhydrinpositive reactions or 
which occlude ninhydrinpositive substances. 
So, for instance, the chromatogram of the 
14th and 15th October, 1957 (fig. 2 black and 


Fig. 3. Fig. 4. Chromatograms of substances 
obtained beyond Weissband- and membrane 
filter. 

Capital letters — Samples taken beyond 


Weissband filter. 


Small letters — Samples taken beyond mem- 
brane filter No. 5. 
ANG) — indicates tests from 29th Oc- 


tober, 1957. 


M (m) and N (n) — those from 6th and 7th No- 
vember, 1957, respectively. 


The other letters denote days on which beyond 

the Weissband filter as well as beyond the mem- 

brane filter negative or almost negative results 
were obtained. 
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Fig; 83's 


white photograph from a colour slide) shows 
that on both days the chromatographically 
discovered substances were present in the air 
in such size that they passed through the Weiss- 
band filter (pore-size approximately 5.0 u) as 
well as the membrane filter (pore-size 0.25— 
0.40 u) in almost the same amount and compo- 
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sition. Chromatographically there can be found 
only little difference of substance composition 
between samples collected beyond the Weiss- 
band filter and these found beyond the mem- 
brane filter. 

Different results were obtaincd from similar 
investigations carried out on 29th October 
and 6th and 7th November, 1957. Beyond 
the Weissband filter a decrease in the number 
and intensity of the spots was observed and 
there was a more or less complete absence of 
positive results beyond the membrane filter 
(fig. 3 and fig. 4). 

. Using the same experimental arrangement 
for several tests, results similar to the last were 
obtained. 

As a result of these investigations it seems to 
be evident that with the decrease in the number 
and intensity of the spots, either the particles 
increase in size or else they are occluded to 
larger particles. 

It was unfortunate that on days with many 
ninhydrinpositive substances in the air, in- 
vestigations with only one kind of filter were 
carried out, so that it was not possible to con- 
firm the results of the 14th and 15th Octo- 
ber, 1957. 


From air pollutions according to Katz (1956) 
only the smoke of oil, tobacco and carbon 
and NH,Cl fumes could pass both filters. 
In addition to this, the Weissband filter allows 
SO, mist and some of the smaller bacteria, 
to pass through. 


Results of chemical Investigations 


During extensive preliminary trials positive 
results were obtained only by the before-men- 
tioned method when using ninhydrin as devel- 
oper. This result by no means provestheabsence 
of other substances in the atmosphere but is due 
to the limitations inherent in the method used. 
Among the ninhydrinpositive substances chief- 
ly amino acids, amines and perhaps aminoalde- 
hydes have to be considered. By evaporation 
to dryness at 35° C, no compounds volatile at 
this temperature, ic. the greater part of the 
gascous or liquid simple AR SHS amines, are 
included in this investigation. Substances in- 
soluble in water were likewise excluded. How- 
ever, salts of these compounds often show a 
different reaction with regard to solubility in 
water and volatility. A partial salt formation 
could take place either in the air or later during 
the absorption in the bubble tube. Assuming 


Fig. 5. Test substances and substances obtained from the air, chromatographically compared. 
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L— means the mixture of substances from the air. 
I, II, III—the test substances used on the chromatogram. 
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that the last-mentioned reaction is of no great 
importance, at least a certain number of the 
substances found can be considered as amino 
acids, for the following reasons: 


1. The substances obtained from the air 
behaved similarly to the amino acids used as 
test substances, both in chromatograms with a 
butanol/acetic acid/water-mixture as solvent 
(see fig. 5), and in those where the sample was 
divided and one part chromatographed with 
the above solvent, the other with water- 
saturated phenol. 


2. The ninhydrinpositive substances did not 
show up if the chromatogram was treated 
with copper carbonate before its treatment 
with ninhydrin. According to CRUMPLER and 
DENT (1949), this is charateristic of «-amino 
acids, as other ninhydrinpositive substances 
remain ninhydrinpositive after such treatment. 


3. A spot which appeared yellowish after 
ninhydrin treatment, and which behaved simi- 
larly to proline used as a test substance, appear- 
ed after isatine-spraying as a faint blue. (A 
similar blue was shown by some of the other 
substances in question, and the same reaction 
is known for some amino acids.) 


4. The only investigation of precipitation 
(snow) which was made showed ninhydrin- 
positive substances in such quantity that they 
remained unseparated on the chromatogram. 
As this sample was not subjected to any other 
treatment besides filtering and boiling down, 
formation of these substances, while being 
collected in the absorption-vessel, does not 
seem to take place. FONSELIUS” (1954) findings 
on amino acids in precipitation would support 
this view. 


In cases where distinct positive results were 
obtained on the chromatogram, the concen- 
trated absorption-fluid showed a yellowish 
tinge, a fact which agrees with the information 
the author received from Fonselius, who also 
got a yellowish residue from the distilled 
sample when investigating precipitations. Yel- 
low-coloured substances had been observed as 
early as 1853 by BARRAL (1853) in rainwater 
and BOUSSINGAULT (1858) in fog. Both authors 
considered them as organic substances and 
found that they released ammonia on treat- 
ment with alkali. At Mrter’s (1953, 1955, 
1957) successful experiments to produce amino 
acids under possible primitive earth conditions 
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yellow polymers were formed too showing a 
very intense ultraviolet absorption. 

From the chromatographic results, those 
substances isolated from the atmosphere seem 
almost certainly to be glycine, alanine, valine 
and leucine and (less certainly) glutamic acid, 
aspartic acid and proline. 

The absence of ammonium acetate, which 
as a hygroscopic substance should have appear- 
ed, was remarkable. Only during longer expe- 
riments were hygroscopic substances found, 
particularly when only one filter was used 
for the whole experiment. It is possible that 
such small quantities of ammonia can be 
absorbed on the filter, or that it combines with 
sulphuric acid on the filter or in the absorp- 
tion-fluid, thereby forming ammonium sul- 


phate which is hardly hygroscopic. 


Relation to meteorological Factors 


On approximately 25 days out of more than 
100 investigated days positive results were 
obtained. Among them were one third faintly 
positive. Though the strongly positive results 
were to some extent dependent on the pre- 
vailing air masses, the number of these results 
is too small (16) to establish a real relation. 
Considering all different tropical air masses 
together, positive results for tropical air masses 
were obtained 9 times, for mixed air masses 
2 times, and for arctic 5 times. As tropical air 
masses prevailed during the testing period 
the results loose some of their significance. On 
the other hand, lightly foggy or hazy weather 
with high air-humidity and little altered or 
falling air pressure was, almost without excep- 
tion, a precondition for positive results. On 
days with heavy fog the presence of these 
substances could not be proved, either because 
this kind of weather does not assist their for- 
mation or because they are absorbed by droplets 
too large to pass the filter. In this connection 
the only investigation of precipitation (snow), 
carried out on February 27th, 1958, may be 
mentioned. In that instance so great was the 
amount of ninhydrinpositive substances pres- 
ent that they remained chromatographically 
unseparated, whilst the air investigation of 
the same day showed a wholly negative result. 
Air investigations on the two preceding days, 
i.e. February 25th and 26th, 1958, days without 
precipitation, showed the presence of a large 
number of ninhydrinpositive substances. Of 
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course it is not possible to decide from this 
single test whether these substances are ab- 
sorbed to a high degree by snow flakes (or 
rain drops). The much higher frequency of 
positive results obtained during the cold 
seasons with rather stagnant air masses and 
little turbulence may indicate a possible connec- 
tion between the appearance of these substances 
and the combustion of solid and liquid fossil 
fuels. Nevertheless, more or less positive re- 
sults were also found during the warm season, 
though only in small number. There existed no 
distinct correlation between the visible filter 
contamination and the occurrence of positive 
results. The substances found could also be 
derivatives of compounds diffused from the 
sewers and the nearby Danube Canal into the 
atmosphere, where they accumulate. In such 
places decomposition of organic matter may 
take place on a large scale, and under favourable 
atmospheric conditions these decomposition 
products may escape in relatively large quanti- 
ties into the air. Suitable meteorological con- 
ditions would be falling or at least constant air 
pressure and a larger temperature gradient 
from the warmer sewers to the colder open air. 
Inversion layers and little air motion would 
favour an accumulation of these substances in 
the atmosphere, where they can be subjected 
to different chemical alterations. In this con- 
text it may be mentioned that according to 
CaAuER (1956) a higher decomposition rate of 
organic substances and greater biological ac- 
tivity, whereby the so-called “ammoniacal 
substances” are formed, produce a rise in the 
pH-values of the atmospheric condensation 
water. 

That the turbulence is of some impor- 
tance could be concluded from the investiga- 
tions run day and night in July, 1958, where 
the results obtained during the least turbu- 
lence (viz. in the early morning and evening) 
though poor, turned out to be better than 
those produced in investigations carried out 
at midday, the time of the highest turbulence, 
when there were almost no results at all. The 
vapour layer, which varies in thickness, accord- 
ing to the season, must also be considered. 
Since, according to LÔHLE cited after Band, 
1957, the upper limit of the vapour layer 
lies during the cold season at approximate 
heights of 400—500 m, the thickness of this 
layer can increase by convection during sum- 
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mer to 3,000 metres and more. The differences 
of results between summer and winter may 
thus be at least partially explained, for during 
summer the substances looked for might be 
diluted to such an extent that they escape 
detection. 

It could also be that some of the substances. 
in question were assimilated by green plants 
during the vegetation period. 

In general, negative or only faintly positive 
results proved to be independent of meteoro- 
logical factors. 


Error analysis 


Among the various possible errors there are 
only a few relevant enough to alter the results 
significantly. Summarizing them, two main 
sources have to be distinguished: 

1. errors which occur in taking and treating 
the sample, 

2. those which may be due to chromatog- 
raphy. 

With reference to 1. 


a. Fluctuation of the air-intake volume is. 
of no importance as qualitative results were 
the principal aim. The filter contamination 
after sucking 1 m? of air does not lower the 
flow-rate significantly. Only the air humidity 
seems to influence the flow-rate by altering 
the pore-size of the filters. This rather unim- 
portant effect was compensated by adjusting 
the appropriate capillary in the capillary set. 
From the readings of the rotameter and ma- 
nometer a flow-rate accuracy of + 10% was 
established. 

b. Two faults caused by the filtering could 
falsify the results qualitatively and quantita- 
tively in a way difficult to correct and to esti-- 
mate. The first, described by JUNGE (1956), is 
the considerable absorption of some gaseous 
air constituents by millipore filters. THOULET 
(1903), noted an extraordinary ammonia ab- 
sorption on paper filters. Secondly, there is 
the possibility that substances absorbed on the 
filter react and that the reaction products 
diffusing after saturation through the filter‘ 
show compounds which do not exist in the 
open air. 

c. Owing to the cooling at the end of the 
apparatus and the low air flow-rate, losses of 
absorption-fluid by spraying and evaporation. 
are, as measurements showed, insignificant. 
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d. Substances remaining in the frit after 
removal of the absorption-liquid have no 
influence on the investigations which follow; 
this is proved by the absence of any reaction 
after high positive results. Whether a loss of 
nt te the process of the thorough cleaning 
of the absorption-vessel takes place would have 
to be investigated separately. 


e. Losses during the evaporation depend on 
the vapour pressure of the substances under 
examination. As the evaporation of volatile 
substances was the purpose of the method 
used, this effect need not be considered as an 
error. 


f. For the insolubility in water, par. e. 
applies, as only substances soluble in water 
were the aim of the investigation. 


g. Any losses resulting from the application 
of the substances on the filter paper for chro- 
matography need not be considered. 


h. Finally, the argument that the acetic acid 
used may serve as culture medium for spores 
and bacteria passing the filter, must be taken 
into consideration. Owing to the low tempera- 
ture, which is unfavourable to the growth of 
microorganisms, and the relatively short time 
between absorption and evaporation, the for- 
mation of these compounds seems very im- 
probable, although not quite impossible. Such 
effects should certainly occur more frequently 
during the warm scasons, but in fact positive 
results from the air investigations were much 
more often obtained during the cold pe- 
riod. Finally, the finding of amino acids in 
precipitation by FONsELIUS (1954) and of 
ninhydrinpositive substances by the author in 
snow do not support the view of a genesis 
of these substances through bacterial activity 
in the absorption-Auid. 


Ie. 2. 


a. Not only the Ry-values themselves but 
also their relation to each other can be altered 
as well by the contamination of the substances 
examined with other compounds in the at- 
mosphere, as by inconstant temperature dur- 
ing the chromatography. Also the colours of 
the developed chromatograms may to some 
extent be influenced by contamination. The 
variation of these possible hindrances to the 
chromatography is responsible for the im- 
possibility of reproducing the chromatograms 
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exactly. Hindering substances could be remov- 
ed, for example, by ion exchange. 

b. Especially in these chromatograms where 
heating is necessary for the removal of solvent, 
e.g. such as run with phenol, losses occur 
according to Brust, BONTWELL, BARTON and 
HEIDELBERGER (1951). Thus substances which 
are only present in low concentration may 
disappear in some chromatograms and so 
make it difficult to compare them with those 
where heating is not necessary. 


Summary and Discussions of Results 


On some days in the course of investigating 
the atmospheric air over a period of more 
than a year, ninhydrinpositive substances were 
found, which can fairly safely be considered as 
amino acids. Glycine, alanine, valine and leu- 
cine have been identifired almost to acertainty, 
glutamic acid, aspartic acid and proline less 
surely. Some of the substances may be amines. 
These substances appeared much more often 
and in greater quantity during the cold season. 
The amount of the individual compounds 
reached a maximum of a few y per mÿ. A 
more abundant appearance of the substances 
was paralleled by a yellowish tinge of the 
concentrated absorption-fluid. 

A direct connection with the atmospheric 
conditions and air masses could not be con- 
firmed beyond doubt, but local meteorological 
factors like high humidity with haze, reduced 
visibility and falling or almost stable air pres- 
sure, indeed seem to be suitable conditions for 
the formation or preservation of these sub- 
stances. The greater frequency of their appear- 
ance during the cold season can hardly be 
related to the combustion of liquid and solid 
fossil fuels alone. Meteorological factors pre- 
vailing at this season may be involved in the 
formation, preservation or decay of these 
compounds. Such meteorological factors could 
also stipulate conditions which enable nitrogen 
compounds, formed in connection with de- 
composition of organic matter in sewers and 
rivers to escape in greater amounts into the air 
and to accumulate there. To find a possible 
connection between the appearance of the 
above-mentioned substances and the different 
air masses, further investigations would have 
to be carried out simultaneously in several 
places. Independent of any hypothesis about 
the genesis and source of the substances found, 
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the changes they have to undergo by chemical 
or photochemical influences, must also be 
considered. Thus the genesis and preservation 
of the substances could be due to the simul- 
taneous influence of certain local factors and of 
those which are effective over extended areas. 

It is possible that in some methods of NH, 
determination a part of these substances is 
included. 

Many nitrogen compounds have a direct 
effect on human organism and it seems possible, 
therefore that the amount of these compounds 
found on certain days in the atmosphere, maybe 
sufficient to alter the pH-values of skin or mucous 
membranes (CAUER, 1956) or to cause troubles 
of an allergic nature in persons so disposed. But 
also these nitrogen compounds could become 
effective indirectly, through microorganisms 
whose growth, metabolism and augmentation 
they can further or hinder, characteristics 
which allow the determination of such sub- 
stances by biological methods, i.e. with the 
aid of microorganisms. Thus the old miasma 
theory, however restricted or altered might 
possibly have some justification after all. 

There may be a connection between these 
compounds and vegetation. The decrease of 
the substances could, during the vegetation 
period, be related to their assimilation by 
plants, the uptake of nitrogen compounds in 
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small amounts by plant elements above ground 
being well known. Alternatively, WARBURG 
(1957) referred to the importance of two 
systems, alanine-aspartic acid and glutamic 
acid in connection with the carbon dioxide 
transfer at the photosynthesis of green plants. 
It would be of interest to know definitely 
whether a direct supply of those or other 
amino acids in the air would influence the 
assimilation by plants. 

In view of limited means and the difficulties 
inherent in all kinds of investigations depending 
on metcorological factors, the results obtained 
cannot be considered as final. Therefore it 
may be of some interest to continue the in- 
vestigations and to advance the position so 
far reached. By these and other investigations 
it seems already that known amino acids or 
substances closely related to them are, though 
in extremely small amounts, widely spread in 
nature outside of organic matter. 
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Abstract 


Radioactive particles are produced by nuclear bomb explosions which are widely different 
in size and nature. Systematic differences in properties are expected for particles formed under 
different conditions. Differences in particle properties may cause sorting during deposition 
because of systematic differences in weather trends at different geographical locations and 
thus bring to light information about the particles. 

Deposits at a mountain station in Norway appear to have contained more short-lived fission 
products than those at lowland stations, especially during periods when considerable fresh fission 
products have been present in the atmosphere. This could be due to a substantial chemical 
fractionation on particle sizes taking place during formation, or to the general formation of 
particles somewhat larger than 0.5 micron diameter during high-yield explosions. 


I. Introduction 


Nuclear bomb explosions produce radio- 
active particles which are measured all over 
the world. The explosions are widely different 
in nature and size, and for each explosion, 
particle formation occurs over an interval of 
time during which physical conditions are 
drastically changed. Differences in particle 
size and composition are, therefore, to be 
expected. 

If the world-wide distributions of radio- 
active deposition and air concentration are 
properly analyzed, influences of these differ- 
ences might turn up. This question will be 
further examined. 


2. Formation of particles 


Part of the energy liberated in an explosion 
is used in evaporation of the bomb material 
and material from the ground. The resulting 
warm mass rises rapidly through the atmo- 
sphere, is cooled, and particles are formed. 

STEWART ET AL. (1956) have microscopically 
examined bomb debris particles present in 
samples from the atmosphere and they found 
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that most of the particles bore resemblance to 
condensation particles. 

The conditions under which the particles 
are formed vary widely. Early substances in 
some decay chains are gaseous or very volatile, 
and particles starting to grow very early or 
very late in the condensation phase may be 
enriched or diminished in content of certain 
isotopes. Systematic differences may also arise 
between particles from larger and smaller 
bombs due to the slower cooling and later 
condensation for the former. 

After formation, the particles may agglom- 
erate. Some debris clouds may be held 
tightly together for a long time while others 
may be torn to pieces at once. The behaviour 
might be quite different for particles inserted 
into the dry and stable stratosphere than for 
those in the much more moist and turbulent 
troposphere. 

Ground deposition of the particles is in- 
fluenced by the weather, and because weather 
varies systematically from place to place, 
the particles may, to a certain degree, be sorted 
during deposition in such a way that different 
locations may get particles with different 
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physical and chemical properties. Such effects 
may appear between different climates or due 
to variations within climatic regions, between 
low and high level ground or between the 
leeward and windward side of mountain 
ridges where a predominant wind direction 
exists. 


3. Representativity and analysis of samples 


It seems to be plausible that in a climate 
with a reasonable amount of precipitation, pot 
samples of bomb debris are fairly representative 
for the content in precipitation. Such samples 
are taken regularly in Norway and Figure ı 
shows a map over the southern part of the 
country with 4 sampling stations indicated. 

The western part of Norway between the 
west coast and the top of a south-north moun- 
tain ridge forms an area where orographic 
precipitation very often occurs due to the 
mean westerly wind bringing moist air over 
the country. The air current crosses the moun- 
tain ridge and is forced to rise as it moves 
towards the top. This will strengthen precipita- 
tion systems and sometimes form precipitation 
in air masses where it otherwise would not 


ee 


Gardermoen / 
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Fig. 1. Map of Southern Norway showing measurement 
stations. Mountain areas are shaded. 
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occur. When streaming from the coast towards 
the mountain ridge, more and more precipita- 
tion is exhausted from the same air elements. 
New dry air entrained into the system tends 
to decrease the precipitation formed in that 
part of the clouds, and most precipitation 
might be expected to be formed in air which 
existed in the clouds when they crossed the 
coast. This effect will be most obvious when 
the air masses are stably stratified, which is 
often the case for the large precipitation sys- 
tems giving the bulk of the precipitation in 
the area. 

Most particles brought down with rain 
must for some time have resided in the lower 
air layers, where precipitation is more or less 
evenly or arbitrarily distributed. Air concen- 
tration of different particles in the cloudbearing 
layers will then be adjusted to conform with 
the quasi-constant removal fraction of par- 
ticles and the rate of incorporation of new 
particles. When precipitation is suddenly 
strengthened orographically, a more rapid 
removal of particles sets in, and a new and 
lower air concentration of particles tends to 
be formed in accordance with the removal 
rate and the incorporation rate now existing. 
The adjustment will take some time, and one 
might expect an excess of particles most 
easily brought down at the start of the oro- 
graphic area, at Bergen and Sola, and an 
excess of the more slowly captured particles 
towards the end of the area, at Finse. 

The sampling periods for radioactive depo- 
sition are too long to make it possible to select 
convenient weather situations. The next best 
thing might be to add observations for such a 
long time that one may have a fair confidence 
that the mean conditions prevail. One month 
is regarded as a lower limit for Norwegian 
samples. 

In this way some masking of an orographic 
fractionation effect must be expected because 
of the different origins of precipitation sys- 
tems. Heavy precipitation may occur partly or 
all over the area with wind direction inside a 
large angle, nearly 180 degrees. Showers may 
occur, and although they may be orographi- 
cally strengthened, the incorporation of new 
air is probably much greater than in the more 
stable precipitation systems. In the upper part 
of western Norway, precipitation also occurs 
when the wind comes from the east. The 
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Measured radioactivity 


1958 
Measurement date 


1959 
Fig. 2. Decay of October 1958 samples. 


mountain station, Finse, lies however at the end 
of the orographical precipitation area also in 
this case, while Gardermoen has a position 
somewhat similar to that usually held by 
Bergen and Sola. 

In one sampling period, the bulk of radio- 
activity in a sample from one station need 
not be deposited simultaneously with the 
bulk of the material at another station. 

For meteorological fractionation processes 
time elapsed since explosion might be decisive, 
and equal weighting of all deposition with 
regard to time of deposition is desirable. This 
meets difficulties. 

If f is time since explosion, fission product 
activity varies roughly as #12. If, for instance, 
products four days old are deposited at the 


.60- *Finse +Gardermoen 
x Bergen 


»Sola 


Decay index 


Bieys3ı Decay indices for 
monthly samples from July 
1957 to April 1959. 
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beginning of the month, they will be weighted 
only 1/;9 compared with similar products 
deposited at the end of the period, provided 
the samples are measured just after the end of 
the period. Measured one month after the end 
of the sampling period the former will be 
weighted about !/, of the latter. For older 
products the weighting factor will be more 
nearly one, but a discrimination will always 
exist. 

If particles of different ages exist in the 
samples, the older particles gain more weight 
the longer time elapses before measurements. 
A compromise must be sought if comparatively 
fresh fission products are to be measured. The 
author feels that if monthly samples are 
measured one month after the end of the 
sampling period, fair weight is given to both 
old and new particles. 

From the actual decay curves of Figure 
2 it appears that the Finse sample has a 
more rapid decay than the other samples. 
Due to the unique position of the Finse site, 
this is very interesting. For a closer inspection, 
a decay index has been used. This index is the 
ratio between the radioactivity of a sample 
measured six months after end of the sampling 
period and the radioactivity of the same 
sample measured one month after end of the 
period. A relatively high decay index indi- 
cates a relatively high content of isotopes with 
half-life longer than about 2 months. 

The decay indices have been computed 
from smoothed decay curves covering 8—10 
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months of measurements, and are assumed 
to be correct within 5 per cent. The variation 
with time has been plotted on Figure 3 for 
the four stations in question. The general 
impression is that the same pattern is roughly 
reproduced in all curves. The Finse decay 
index has however a tendency to be lower 
than the others, especially during periods 
when much fresh debris is present in the air, 
this appears as a dip on the curves. This feature 
might point to some sort of selection of 
particles in the deposits, the reason for which 
might be found in the mechanism of oro- 
graphical precipitation. 


4. Discussion of measurements 


It was earlier mentioned that in an oro- 
graphic precipitation region the particles 
most easily brought down by precipitation 
should be found in excess at the geographical 
beginning of the precipitation area, and 
other particles should be found in relatively 
greater amounts near the end of the precipita- 
tion area. It seems logical to associate the less 
rapid decay of radioactivity at Sola, Bergen 
and Gardermoen with the particles most easily 
brought down. The washout by precipitation 
may be due to the physical or chemical prop- 
erties of the particles, but it is at present 
difficult to pursue the last possibility. 

Particle capture by water droplets has been 
examined by GREENHELD (1957). For larger 
particles capture by coalescence is predomi- 
nant, for smaller particles capture by Brownian 
motion. The border between these two effects 
is found when the particle diameter is about 
0.5 micron, and this corresponds to minimum 
capture efficiency. 

Capture by coalescence will favour large 
droplets, and from Lanemurr’s (1948) or 
Mason’s (1957) tables for the coalescence 
collection efficiency of droplets, it can be 
deduced that larger droplets have a higher 
probability for reaching the raindrop stage. 
Confronted with Greenfield’s results, thismeans 
that larger particles should be more easily 
transported downward by rain than smaller 
particles. Deposition in precipitation may 
therefore cause more of the larger particles 
to be deposited at the lowland stations than 
at the mountain station. In the periods when 
the decay index at Finse is lower than at the 
other stations, it may be that the air pollution 
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cither consists of many large particles con- 
taining more medium and long-lived fission 
products, or many small particles containing 
more short-lived fission products, or both. 

The enrichment of large particles with me- 
dium and long-lived fission products may be 
due to chemical fractionation during particle 
formation. Such an effect is generally dealt 
with by RAND (1953) and is used for explaining 
specific problems by SrorzBö (1959) and Ep- 
VARSON ET AL. (1959). It may be mentioned 
that the authors of the last paper by use of 
gamma spectrometry on stratospheric samples 
have found enrichment of a certain mass num- 
ber in large particles. 

If the effect on the decay index on Figure 
3 shall be most pronounced when the debris 
is young, the bulk of the large particles must 
be cleaned out of the atmosphere within 
some months after an explosion. For debris 
from small explosions this agrees with present 
opinion about residence time in the atmosphere 
before deposition. However if the large par- 
ticles are identical with those found in strato- 
spheric air samples (EDVARSON ET AL., 1959), 
they must have significant velocity of fall if 
they shall selectively disappear within some 
months. Calculations show (RAND, 1953, page 
86) that a particle diameter about s—7 micron 
should be in the right size range. 

The other possible explanation of the 
meteorological fractionation effect is the pres- 
ence of many small particles when the debris 
is young. During a test series of mixed small 
and high yield explosions, most radioactivity 
in the lower air layers is expected to originate 
from small bombs, because the bomb clouds 
do not rise through the tropopause. Most 
debris from high yield explosions is inserted in 
the stratosphere, and will generally remain 
there some time before being deposited. During 
this period much of the short-lived fission 
products will decay to a low level, and the 
particles, will appear as being composed of 
more long-lived fission products when they 
reach the ground. The described effect might 
appear if these particles are generally larger 
than particles from low yield explosions. 

Particles from high yield explosions are 
generally spoken of as “very small” or “in 
submicron range”. However, if the particles 
in worldwide fallout are condensation par- 
ticles, the particle size in high yield explosions 
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might be larger than for low yield explosions. 
The rate of cooling of the debris vapour is 
much slower for the former, leading to a 
longer period of condensation phase. It is 
generally known in physics that condensation 
occurring under such circumstances tend to 
give larger condensation elements. This is 
counteracted by the lower atmospheric pressure 
at the heights at which condensation takes 
place, and by the greater dilution of the mate- 
rials which may have taken place. On the 
other hand, more rapid agglomeration of the 
particles formed may occur in a particle cloud 
in the stratosphere due to less turbulent spread- 
ing and dilution afterwards. 

It thus seems possible that the orographic 
effect examined here could be due to generally 
larger particles being formed in high yield 
explosions than in low yield explosions. The 
fact that differences in decay index are most 
pronounced when new debris is present in 
the troposphere, must then be explained by a 
lack of younger smaller particles at other 
times. This must also in this case be due to 
the rapid disappearance of debris from smaller 
bombs inserted only into the troposphere. 
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5. Conclusion 


The meteorological fractionation of bomb 
debris in Norway indicates that a substantial 
part of the radioactivity might be associated 
with particles somewhat larger than 0.5 micron 
diameter, at least during periods when con- 
siderable fresh fission products are present. 
These particles contain, in the mean, less 
fission products with half-lives shorter than 
1—2 months than is the case for the gross 
activity in the air. 

Particles of this size have an appreciable rate 
of fall if times of years are considered, and they 
may have an heavy influence on the residence 
time of the bulk of the debris in the atmos- 
phere. For estimates of bomb debris behav- 
iour in the atmosphere, it might be necessary 
to take this into consideration. The exchange 
of air between stratosphere and troposphere 
may not play such an important part as thought 
earlier. 


Acknowledgments 


The author would like to thank Mr. Stuart 
H. Small and Mr. H. Stuart Muench for reading 
and commenting upon the manuscript. 


REFERENCES 


Epvarson, K., Löw, K., and SIsEFSKY, J., 1959: Fractio- 
nation Phenomena in Nuclear Weapons Debris. Na- 
ture, 184, pp. 1771—1774. 

GREENFIELD, S. M., 1957: Rain Scavenging of Radioactive 
Particulate Matter from the Atmosphere. J. Meteor., 
I4, pp. I1S—I25. 

LANGMURR, I., 1948: The Production of Rain by a Chain 
Reaction in Cumulus Clouds at Temperatures above 
Freezing. J. Meteor., 5, pp. 175—192. 

Mason, B. J., 1957: The Physics of Clouds. Oxford, Cla- 
rendon Press, p. 424. 


Tellus XII (1960), 3 


Rand Corporation, 1953: World-Wide Effects of Atomic 
Debris. Project Sunshine. R-251-AEC (Amended) 
AECU-3488. 

STEWART, N. G., Crooxs, R. N., and Fisher, E. M. 
1956: The Radiological Dose to Persons in the U.K. 
due to Debris from Nuclear Test Explosions prior to 
January 1956. AERE HP/R 2017, Harwell. 

STOREBÜ, P. B., 1959: Orographical and Climatological 
Influences on Deposition of Nuclear Bomb Debris. 
J. Meteor., 16, pp. 600—608. 


Measurements of the Air Concentration 
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Abstract 


Measurements of the gross fission product radioactivity in the air at 21 sites along the 8oth 
meridian and 4 sites in the North Pacific area are reported for the period July 1957—December 
1958. The activity levels at the various sites are related both to the stratospheric deposition of 
nuclear debris and to the direct introduction of radioactive material into the troposphere 


upwind of the collecting sites. 


Radioactive debris injected into the troposphere at any particular site spreads rather rapidly 
throughout the same hemisphere but rarely crosses the equator in any quantity. An exception 
to this occurred during the Hardtack series in the Pacific when massive quantities of activity 
were transported to the Southern Hemisphere by winds in the upper troposphere. 

It is again shown that periods of heavy rainfall, such as occur during the rainy season in 
Panama, cause a general decrease in the concentration of fission products in the air. 


I. Introduction 


In 1956 the U.S. Naval Research Labora- 
tory, with the assistance of the U.S. Atomic 
Energy Commission, the U.S. Weather 
Bureau, and interested groups in Canada 
and South America, initiated a program of 
measurement of the fission product radio- 
activity in the air at a carefully selected group 
of sites along the 8oth meridian. During 
1957 this program was expanded to include 
collections at several other locations which 
were of interest to the U.S. Air Force Cam- 
bridge Research Center. This work has been 
carried out as part of the International Geophys- 
ical Year Program on Atmospheric Nuclear 
Radiation and was financed, in part, by the 
Division of Biology and Medicine, U.S. 
Atomic Energy Commission. 

As the result of a study of several collecting 
devices (LOCKHART, JR., Baus and BLIFFORD, JR., 


1959), air filtration was found to be the 
method which gave the most readily inter- 
pretable information and which, in addition, 
furnished samples suitable for radiochemical 
analysis. It was further decided that data on 
the air concentration of fission products would 
be required ultimately for any understanding 
of the information obtained from methods 
which measure deposited radioactivity. The 
entire effort was therefore directed toward 
obtaining reliable measurements of the con- 
centration of fission products in the ground- 
level air at the 25 collecting sites associated 
with this program (Table 1). 


2. Experimental procedure 


Each collecting station employed an iden- 
tical positive-displacement blower having a 
free-air capacity of about 40 cubic feet per 
minute. The stations making daily air-filter 
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Table 1. Collecting Sites Associated with the NRL/IGY Program of Atmospheric Nuclear Radiation 
ee NEST ERDE EEE DENE 


Station 


Latitude | Longitude 


Elevation 


(m) Operator 


Thule, Greenland 76° 35’N 68° 35° W 
Coral Harbour, N.W.T., 
Canada 64° 12’N 83° 22’ W 


Moosonee, Ontario, Canada 


Bedford, Mass., USA 42° 27°N MED 
Silver Hill, Maryland, USA | 38° 50’ N TOME TAN 

(Washington, D.C.) 
Columbia, S.C., USA 33257 N 81° 07 W 
Miami, Florida 25° 49°N 80° 17° W 
San Juan, Puerto Rico 18° 26° N 66° 00’ W 
Miraflores, Panama Canal 

Zone 9° 00’N 79° 35° W 
Bogotä, Colombia 4 HAN 74° 04’ W 
Quito, Ecuador 0° 08’S 78° 26’ W 
Guayaquil, Ecuador 25 1015 79° 52° W 
Iquitos, Peru SMS TS ETW 
Lima, Peru 12° 06’S 77° o1’ W 
Huancayo, Peru 1250758 75° 20° W 
Chacaltaya, Bolivia 771025 68° 15° W 


Daily Filter Collections 
a UN a eB Pere inet “ee Fide 


Weekly Filter Collections 


Antofagasta, Chile 23. 373 70° 16’ W 
Porto Alegre, Brazil 30210225 Eee ON 
Santiago, Chile 3302709 70° 42° W 
Puerto Montt, Chile Ae BGS 72° 57’ W 
Punta Arenas, Chile 53° 08'S 70° 53° W 
Drifting Station Alpha* 83°-86° N | 110°-180° W 
Mauna Loa, Hawaii, T.H.| 19° 28’N | 155° 36° W 
Pearl Harbor, Oahu, T.H. 21° 220N 157-158: We 
Subic Bay, Philippines TACHOGN ia2o%r7e 


* Station evacuated November 1, 1958. 


collections used a circular piece of filter paper 8 
inches in diameter which decreased the flow 
rate to about 30 cfm. Those stations making 
week-long collections employed a larger filter 
(17x13 inches) with a somewhat higher flow 
rate. The filter was an asbestos-based paper 
(U.S. Army Chemical Corps type 6) having 
essentially 100 % retention for particles as 
small as 0.3 at the flow rate employed. 
The pumps were intercalibrated under standard 
conditions before being sent into the field and 
adjustments were made to take into account 
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259 IGY Thule Coordinator, U.S. Air Force 


59 Meteorological Branch, Department 
of Transport (Canada) 

Io Meteorological Branch, Department} 
of Transport (Canada) 

80 USAF Cambridge Research Center 

88 U.S. Weather Bureau 


69 U.S. Weather Bureau 
4 U.S. Weather Bureau 
Io U.S. Weather Bureau 


Io Canal Zone Corrosion Laboratory 
U.S. Naval Research Laboratory 


2640 Instituto Geofisico de los Andes 
Colombianos 
2818 Astronomic Observatory 
7 Meteorological Office 
117 Corporacién Peruana de Aeropuertos 
y Aviaciön Comercial (CORPAC) 
134 Corporaciön Peruana de Aeropuertos| 
y Aviaciön Comercial (CORPAC) 
3353 Instituto Geofisico de Huancayo 
5220 Universidad Mayor de San Andres, 
Laboratorio de Fisica Cosmica.de 
Chacaltaya 
519 NASA Satellite Tracking Station 
24 Servico de Meteorologia 
520 Oficina Meteorologica de Chile 
5 U.S. Weather Bureau 
3 Oficina Meteorologica de Chile 


3 U.S. Weather Bureau/IGY 
3394 U.S. Weather Bureau/IGY 
5 U.S. Naval Air Station, Ford Island 
18 U.S. Naval Station, Subic Bay 


the effect of local conditions at each site on 
the flow rate. The equipment was housed in 
a louvered shelter to protect it from rain. 
The exposed samples were returned to Wash- 
ington, D.C., via air where they were ashed 
at 650° C and compressed to thin disks about 
3 cm in diameter by an hydraulic press. Two 
weeks after collection, these were counted 
in an automatic sample changer which held 
each sample in turn under a shielded, end- 
window GM tube and recorded the time 
required to obtain a preset total of 2,000 counts. 
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Each day the count of a standard sample and 
the background were measured. The counter 
was calibrated against standards of filter paper 
ash of the same size and shape and containing 
known amounts of RaD (RaE) activity. The 
radioactivity has been reported in disintegra- 
tions per minute per cubic meter of air under 
the pressure existing at the collecting site. 


3. Radioactivity profiles along the 8oth 
Meridian 


Profiles of the gross fission product concen- 
tration in the ground-level air along the 8oth 
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Fig. 1. Radioactivity Profiles, July—December 1957. 


Meridian are shown in Figs. 1—3. The effect 
of nuclear tests can be readily noted by the in- 
creases in radioactivity of the air in the North- 
ern Hemisphere during the Plumbbob tests 
in Nevada (May—October 1957), the Soviet 
tests of February and March 1958, when the 
effect lasted well into June, and the Soviet 
tests of 30 September—3 November 1958, 
when the effect was strong throughout the 
remainder of 1958 (and well into 1959). 
Neither of the U.S. test series of 1958 had 
any great effect in this hemisphere, though 
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Fig. 2. Radioactivity Profiles, January—June 1958. 
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Fig. 3. Radioactivity Profiles, July—December 1958. 
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the presence of the debris from the Pacific 
tests of April—July was detected through 
the W185 isotope produced in this series of 
tests as a tracer (LOCKHART, Jr., BAUS, PATTER- 
SON, JR. and SAUNDERS, JR., 1959). The Nevada 
tests of September and October 1958 were 
generally of small yield or were carried out 
underground. 

In the Southern Hemisphere, where the 
background of radioactive debris was consider- 
ably lower, fresh injections of fission products 
were more readily noted. This is reminiscent 
of the conditions in the Northern Hemisphere 
some five years earlier. The residual activity 
present in South America during July and 
August 1957 was due principally to the Brit- 
ish tests held at Christmas Island in June. A 
small effect may be noted during September 
from a test held at the Maralinga Proving 
Ground in South Australia, and a stronger 
but short-lived effect from the Christmas Is- 
land test of November 8, 1957. During January 
—April 1958, a period when no testing occurred 
south of the Equator, very low activities were 
encountered there in spite of the high activities 
prevalent in the Northern Hemisphere. The 
sharp gradient occurring near the Equator 
during April and again during December 1958 
(and several times in early 1959) indicated 
that, in general, little transfer of particulate 
matter in the tropospheric air took place 
across this “barrier”. 

That sometimes the equatorial barrier breaks 
down became evident during the U.S. Hard- 
tack tests in the Eniwetok-Bikini area during 
April—August 1958. The activity appearing 
primarily at Huancayo and Chacaltaya during 
May may have been due in part to the British 
test held at Christmas Island on April 28, 
1958. The large amounts of W185 tracer ac- 
tivity, however, identified the source of a 
large portion of this activity to have been the 
U.S. Pacific tests (LOCKHART, JR., Baus, PAT- 
TERSON, JR, and SAUNDERS, JR. 1959). The 
enormous increases in activity during July 
and August, when the activity at some sites 
in South America for the first time exceeded 
that at all North American sites along the 
8oth Meridian, indicated a massive transfer of 
activity had taken place across the Equator. 
Radiochemical data has indicated that at least 
two bulk exchanges of air between the hemi- 
spheres occurred during May— uly (LOCKHART, 
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Fig. 4. Fission product radioactivity in the air of the 
Northern Hemisphere. 
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Fig. 5. Fission product radioactivity in the air of the 
Southern Hemisphere. 
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Jr, Baus, PATTERSON, Jr. and SAUNDERS, JR. 
1959). 

It is important at this point to consider the 
mechanism by which this activity crossed the 
Equator. In the Northern Hemisphere high 
fission product concentrations were found in 
the Philippines during May and July (Fig. 7) 
and in Japan during early July (LOCKHART, JR. 
1959), which. were obviously due to the 
transport of activity from the test site to collect- 
ing station by winds of the lower troposphere. 
(Prevailing winds at lower altitudes in the 
test area are easterlies.) The debris appearing 
in South America, initially at the high altitude 
stations, must have been carried primarily 
by winds in the upper troposphere, which 
could account for their rapid transport and 
rapid detection at ground level. A large fraction 
of the activity, however, must have gone into 
the stratosphere as this normally occurs with 
explosions of high yield. (In fact, W185 from 
the Hardtack series of tests has been found at 
all collecting sites more than a year after the 
tests, demonstrating that debris from this 
series did contribute to the stratospheric inven- 
tory of radioactivity.) 


4. Variations of activity concentrations 


with time 


The data presented in the radioactivity 
profiles has been replotted in Figs. 4—6 to 
show the changes in activity levels with time, 
and to show the relative arrival times of 
debris at the different sites. The principal point 
of interest in the curves made at sites along 
the 80th Meridian in the Northern Hemisphere 
(Fig. 4) is the apparent lack of response to the 
U.S. Pacific Tests of 1958 and the long- 
continuing, high levels of activity caused by 
the Soviet tests of October and November 
1958. Radiochemical data, however, does in- 
dicate the presence of some Hardtack debris 
at these sites. The highest monthly averages of 
activity ever encountered at any of these 
sites were recorded in early 1959, months after 
any nuclear explosion had taken place. Because 
of the age of the fission product mixtures, 
they must have been relatively rich in such 
longer-lived isotopes as Sr9°, Cs137 and Ce141, 

In Fig. 5, ih curves for the Southern 
Hemisphere show the great effect of the U.S. 
Pacific tests of 1958 on the radioactivity of 
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0°08’S 78° 26’ 
EL 2818 m 


HUANCAYO 
12° 07’s 75° 20’w 


Bi S353 


CHACALTAYA 
17°10'S 68°15’ W 
EL 5220m 


AVERAGE FISSION PRODUCT CONCENTRATION (d/min/m?) 


Fig. 6. Fission product radioactivity in the air at high 
altitude sites in South America. 


the air at latitudes as far as 33° S (Santiago). The 
low response at Puerto Montt and Punta 
Arenas is noteworthy. The high altitude sta- 
tions in South America are shown separately 
in Fig. 6 on a scale intermediate to those of 
Figs. 4 and 5. The maximum response to the 
U.S. Pacific tests occurred at the high altitude 
sites some 750 to 1,000 miles south of the 
Equator rather than at those sites due east 
of the test area. During the last months of 
1958 and in early 1959, Bogotä (4° 37’ N) 
showed the typical behavior of stations north 
of the Equator, while Quito (0°) and the more 
southerly stations showed a return to the low 
background of fission products in the air 
which has been typical to the Southern Hemi- 
sphere. 

In Fig. 7, the monthly average concentrations 
of fission products in the air are shown for 
the stations in the North Pacific area where 
weck-long collections were made. The activity 
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pattern at Drifting Station Alpha in the Arctic 
was not unlike that at Thule and Coral 
Harbour; the lack of sharpness of the maxima 
at Drifting Station Alpha and at Coral Harbour 
was due to the longer elapsed time between 
collection and counting at these sites occasioned 
by transportation difficulties, with the result 
that fresh fission product collections underwent 
considerable radioactive decay before being 
assayed. 

Results from the triad of stations at Pearl 
Harbor, Mauna Loa, and Subic Bay are most 
interesting in that the activity patterns are so 
different. Pearl Harbor responded more strong- 
ly to the Soviet tests of early 1958 than did 
Mauna Loa, which is less than 200 miles away 
but situated at an altitude of 3,394 meters. 
(Actually, the gross activity per unit mass of 
air was higher at Mauna Loa, but radiochemical 
analyses indicated the debris there consisted of 
an older fission product conglomerate than that 
at Pearl Harbor.) This would indicate that the 
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ARCTIC 


PEARL HARBOR 
21°22’N 157°58°W 
EL, Sm 


MAUNA LOA 


19° 28’N 155° 36’W 
EL 3394 m 


AVERAGE FISSION PRODUCT CONCENTRATION (d/min/m®) 


KAOIO4ON 


oo] et PP 
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Fig. 7. Fission product radioactivity in the air at sites in 
the North Pacific area. 
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Fig. 8. Relationship between rainfall and the radioactivity of the air at Miraflores, 
Panama Canal Zone. 


contamination was brought into this arca by 
winds of the lower troposphere. Subic Bay 
received little activity from the USSR tests 
of either the spring or fall of 1958, but did 
intercept large quantities of debris from the 
U.S. Pacific series of 1958 (Hardtack) in both 
May and July. The transport of the activity 
was again by the prevailing easterlies of the 
lower atmosphere. Mauna Loa experienced 
its highest activity in July, also from Hard- 
tack debris. Tungsten-185 data showed no 
Hardtack debris were collected at either Pearl 
Harbor or Mauna Loa during May. During 
the months of June and July, the contamination 
due to Hardtack debris was over ten times 
greater at Mauna Loa than at Pearl Harbor. 
This is consistent with the observations made 
at the South American sites where debris 
from these tests in the Eniwetok-Bikini area 
appeared in highest concentration at the high 
altitude sites. 


5. Effect of rainfall on the radioactivity of 
the air 


The relationship between rainfall and fallout 


is of great interest since rain is considered to 
be the principal mechanism by which radio- 


activity is removed from the air. Some work 
on this problem was done at NRL a number of 
years ago (BLIFFORD, JR., LOCKHART, JR. and 
ROSENSTOCK, 1952; KING, LOCKHART, JR., 
Baus, PATTERSON, JR, FRIEDMAN and Bur 
FORD, JR., 1956). More recently, a correlation 
of the gross radioactivity in the air with the 
rainfall at Miraflores, Panama, has been re- 
ported (LOCKHART, JR, Baus and Buirrorp, 
JR, 1959). As would be expected, the lowest 
air concentrations of fission products were 
obtained during the rainy season. New data 
on the relation between rainfall and fission 
products in the air at Panama are shown in 
Fig. 8. Here the monthly average Sr®°, Cs187, 
and gross fission product activities are plotted 
against the total rainfall during the month. 
The increase in the air activity during the 
period December 1957—April 1958 correlates 
well with the dry season. The large increase in 
April must have been due at least in part, 
however, to the Soviet tests ot February 23 
to March 22. This is confirmed by the decrease 
in the amounts of Sr°0 and Cs137 relative to 
the gross fission products during April as com- 
pared to the earlier months. Nevertheless, 
there is evidence of a spring maximum in 
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stratospheric deposition since the ratio of Sr°® the advent of the rainy season resulted in a 
activity to the gross fission product activity great decrease in the total activity in the air 
was too high to be representative of fresh and an apparent increase in the age of the 
debris. It seems that both increased stratospheric radioactive material. The migration of tropo- 
fallout and fresh debris were involved. In May  spheric debris to this area was so inhibited by 


Table 2. Monthly Maxima of Fission Product Concentrations at Sites along the 80th Meridian dur- 
ing July 1957—December 1958 


Activity in micromicrocuries per cubic meter of air! 


1957 
Location mer: 

July | Aug. | Sept. | Oct. | Nov. | Dec: 
ANORIUGE Sr — — — = = = 
Coral Hat bourwa.. 24. - — — — 22 1e 
NoOsSonee:, 2. ec. ace... —— — == = 2.5 (4) 1.27 (26) 
BeMOR SE NE ne — — == = = + 
Wrasbineton=:<-. o% cl 16.6 (22) 23.7 (12) 8.9 (24) 7.0 (10) 3.3.7) 3.0 (28) 
Solnm Diane 2. sea. = — — = — en 
INDIA Se er 7.9 (22) 6.2 (27) 32.3 (25) 22.9 (6) 5.9 (4) 2.7 (25) 
SET aie 4.1 (26) 6.0 (3, 25) | 19.2 (30) 2.6 (15) 7.3207) 2.9 (II) 
INET ALB OTES IR Selen ern 3.2 (Io) 1.41 (15) 1.62 (7) 0.75 (2) 1.47 (1) 1.16 (4,5) 
Er coran — 0.72 (1) 0.28 (8, 12)| 0.19 (4) 0.72 (29) 0.59 (13) 
OUNLORN Se sn Sehens 0.75 (7) 0.52 (4) 0.27 (12) 0.09 (5) 1.10 (19) 0.14 (I, 19) 
CUAVAQUIL mes 0.71 (Io) 0.32 (2) — 0.21 (16) |0.52 (25) 0.37 (4) 
TE er ete eatC See — -- = 0.09 (6, 8) | 0.29 (21) 0.32 (8) 
Ve es OS es 0.71 (25) 0.53 (15) 0.39 (30) 0.82 (31) |0.89 (4) 0.17 (13) 
EIUAHGAYO oe ce ee. — — — 0.31 (29) 1.78 (19) 0.22 (4) 
Ghacaltaya-- sauer — — 0.56 (23) 0.38 (28) | 1.32 (21, 22)| 0.51 (1) 
ANLOFASaSta. ce — — -- — — 0.62 (4) 
BOrto AIC OTS el — — — = a 
DSAMWATO. ee ne se oe 0.44 (17) 0.46 (31) 0.46 (26) 0.38 (21) | 0.80 (23) 0.22 (20) 
Puertos Montt: . - 244. 207 _- — — — — 0.17 (28) 
BontagArenas ran 0.09 (22,28) | 0.34 (17) 0.14 (26) 0.21 (21) |0.16 (I) — 

1958 
Location 

Jan | Feb | Mar | Apr. | May | June 
DT CPS NERO EE — — — 14.1 (2) 6.4 (5) 7.8 (8) 
Coral Marboutt 12. — == = 3-9(14) |3:3 (25) 
IMOOSONEC ae ee 1.92 (10) 1.81 (20) 4.0 (28) 7.6 (4) 5.5 (5) 6.6 (4) 
Bedtord eee 2.2 (14) 2.5 (7) 9.8 (29-31) | 9.9 (4) 17.8. (7) 5.7 (7, 30) 
Washington. 2 een... SAR) 3.4 (22) 10.0 (31) 11.8 (6) 13.6 (1) 8.4 (15) 
COAUMDIARS- LR cater 3.9 (21) 3.5 (6) 9.1 (II) 13.1 (7) 10.7 (9) ofA (at) 
AVIVA TING cie 5.1 (13) 4.4 (20) 17.0 (24) 13.1 (20) 12.4 (16) 57) 
Sara 6 She Sono 4.6 (14) 4.4 (6) 5.0 (3) 7.8 (27) 5.2 (1) 3.3 (13) 
MATL ORES Remo 2.4 (19) 122117) 1.82 (12) 6.9 (19) 1.24 (I) 0.54 (15) 
BOSO EAN Ne CORP 0.92 (14) 0.64 (26) 0.73 (23) 0.96 (7) 0.76 (26) |1.15 (2) 
Otto TR ee mec. 0.23 (21) 0.15 (5) 0.09 (25) 0.17 (24) 0.71 (27) 1.36 (3) 
Guayaquilasar Le 0.13 (6) 0.16 (5, 16) | o.20 (19) 0.22(24,26)| 0.32 (23) |— 
HAÉOS NE Are CRETE 0.28 (17) 0.28 (9) 0.25 (22) 0.14 (3) 0.12 (7) 0.50 (3) 
ne sparen, SERIE ECTS 0.11 (5, 15) | 0.14 (11) 0.09 (6, 31)| 0.12 (12) 0.50 (17) 0.79 (II) 
IIA ICA Y Olan see 0.14 (17) 0.09 (1) 0.10 (25) 0.07 (29) 27) (26) 2.5 (30) 
Chacaltay are. "rte 0.14 (30) 0.14 (1) 0.07 (16) 0.09 (25) 3.4 (28) 5.7 (29) 
IAntofagasta cc: 10.27437) 0.42 (5) 0.22 (3) 0.18(21,22)| 0.99 (31) 1.22 (5) 
Porto Alepre od we + 0.39 (29) 0.26 (10) 0.25 (9) 0.17 (I, 14)| 0.14 (4) 0.52 (9) 
Santlago. a. ce... eee ee 0.26 (Io) 0.24 (8) 0.20 (16) 0.17 (8, 9) 0.12 (20, 30| 0.53 (30) 
Puerto Montt.........- 0.18 (25) 0.14 (6) 0.24 (3) 0.09 (18) 0.11 (13) | 0.44 (21) 
Punta Arenas.........| 0.12 (6) 0.14 (21) 0.16 (7) 0.12 (30) 0.07 (14) | 0.07 (30) 
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nie own ao ini 4.0 (8) 3.7 (15) 
Coral Harbour Er 2.8 (3) 1.59 (30) 
Moosonec re. 4.0 (15) 1.57 (6) 
Bedford. he. 5.3 (3) 3.2 (8) 
NVasbineton- Fe. 8.0 (3) 5.1 (7) 
Columbia were 8.4 (18) u) 
ae ee 3.5 (31) 4.8 (1) 
SAMU EEE 6. Gone 3.6 (30) 4.0 (2) 
NTAHOLES REP PAR 1.58 (21) 173219522) 
WO Rota av... dame aan. 4.527) 2.340) 
Otto 1.86 (21) 2 SAUER) 
| Guayaqul. dee. Pe 2.0 (14) 0.95 (14) 
AUTOS LE CET er 1.15 (15) 1.43 (7) 
TU ee ee OO 3.3 (13) 1.54 (11) 
ÉTUANCA YO yo ces ro. 7.3 (19) ©) 
Chacaltayarens ET 15.6 (6) 10.4 (7) 
Autolagastar m see 6.6 (18) 324087) 
EortorNesree re 179027) Be (LO, 17) 
Samtia gor ER. Tree 2.9 (II, I2)| 1.65 (14) 
Buero Monte re. 0.54 (9) 0.35 (I) 
BuntasArenas. „rel, 0:074x82) = 


LB VOCKHART, jn AND RSLS DAT TER SIO Nx. 


1958 

Sept | Oct | Nov | Dec 
1.88 (27) 13.0 (26). el By | ee 
1.42 (4) 2.4 (20, 30)| 6.0 (4) 4.4 (26) 
3.3 (25) 8.9 (24) 8.8 (3) 4.9 (31) 
2.2 (16) 18.1 (18) 10.9 (4) an), 
4.9 (11) 71.3422) 10.9 (15) 7.0 (2) 
3.0 (II) 10.6 (13) 12.8 (15) ale) 
5.3 (5) 18.9 (31) 29.9 (3) 19.3 (1) 
2.4 (3) 2.8 (31) 7-0 (6) 5.7 (14) 
1.30 (8) 0.54 (27) 1.89 (13) 4.5 (16, 19) 
2.4 (10) 1.09 (5) 1.29 (I) 2.0 (12) 
1.96 (24) 1.13 (14) 0.31 (20) 0.45 (14) 
0.87 (2) = _- == 
1.21 (14) 0.39 (5) 0.17 (5, 30)| 1.03 (30) 
1.39 (6) 1.52(24,26)| 0.86 (16) 0.87 (13) 
3.2 (25) 3.3 (9) 1.56 (3) 0.55 (8, 10) 
4-3 (2) 7.8 (9) 1.79 (1) 0.58 (8) 
5.2 (4) 3-9 (4) 0.88 (7) 0.69 (3) 
Paik (at) 0.65 (28) 1.03 (15) 0.43 (2, 22) 
1.35 (28) 0.84 (8) 0.96 (1) 0.54 (6) 
0.50 (10, II)| 0.67 (22) 0.51 (23) 0.36 (29) 
0.2278) 0.98 (1) 0.16 (4) — 


Note: Figures in parentheses refer to the day (or days) on which the maximum occurred (date of 


end of collection). 


1 ‘ 3 —18 1 
Iu curie/m° = 10 $ curie/cc. 


rain that the radioactivity collected was more 
nearly representative of stratospheric material. 
During June, but especially during July, some 
fresh material from the Hardtack tests did 
penetrate to this Panama site in spite of the 
rainy weather. This is shown by the low Sr°° 
and Cs137 values relative to the gross activity 
and also was demonstrated by the presence of 
W185 activity in the air filter collections. (No 
radiochemical analyses of Panama collections 
were made after July 1958.) 


6. Maxima of fission product concentrations 


In Table 2 the maxima readings of the 
concentration of fission products in the air 
for each month of the IGY are compared in 
terms of micromicrocuries per cubic meter 
of air. The two highest concentrations were 
recorded at Miami, Florida: 32.3uu c/m* on 
September 25, 1957 and 29.9uu.c/m® on No- 
vember 3, 1958. These maxima occurred 
during periods when tests were being carried 
out both by the United States (Nevada) and 
the Soviet Union. The maximum concen- 
tration in South America was recorded at 


Chacaltaya, Bolivia, for the 24-hour collection 
ending July 6, during the U.S. Hardtack tests 
in the Pacific. This value of 15.6uu c/m is 
some seven times that recorded in June 1957 
at Lima, Peru, following U.K. tests at Christ- 
mas Island (LOCKHART, JR. Baus and Bur 
FORD, JR., 1959). 


7. Conclusions 


The fission product radioactivity of the air 
increased markedly in the Northern Hemi- 
sphere during 1958 as the result of the intensive 
test programs carried out there during this 
period. This activity has continued to increase 
during early 1959 because of the delayed depo- 
sition of debris injected into the stratosphere 
by the recent high-yield nuclear explosions. 
(In spite of this great increase in the quantity 
of nuclear debris in the air, this material still 
contributes only a small fraction of the total 
radioactivity in the ground-level air.) 

Radioactive debris injected into the tropo- 
sphere at any particular site spread rapidly- 
throughout the entirehemisphere but rarely cross 
the Equator in quantity. An exception to this 
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rule occurred during the U.S. Hardtack series in 
the Pacific (1958) when massive quantities of 
activity were transported to the Southern 
Hemisphere by winds in the upper tropo- 
sphere. Radiotungsten (W185) produced during 
the Pacific Hardtack tests has enabled debris 
from this one series to be traced as they spread 
throughout the ground-level air of both the 
Northern and Southern Hemispheres. 
Periods of heavy rainfall, such as occur 


397 


during the rainy season at Panama, cause a 
general decrease in the concentration of fission 
products in the air. 
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Wet and Dry Deposition of Fallout Materials at Kjeller 


By S. H. SMALL, Norwegian Defence Research Establishment, Kjeller, Norway 


(Manuscript received December 7, 1959) 


Abstract 


Daily measurements of fallout air activity and deposited activity at Kjeller, Norway, from 
1 Sept. 1956 to 30 Sept. 1959 are given as monthly means for days with and without obvious 
precipitation. It seems that significant concentrations of fallout particles reach the earth about 3 
months after high-yield test explosions. Dry deposition may reduce the amounts of fallout 


materials available for capture by precipitation. 


I. Introduction 


It has been thought for some time that 
particle sizes vary with yield (PROJECT Sun- 
SHINE, 1953, p. 19), and this could have an 
important effect upon the general pattern of 
world-wide deposition. It is not an easy matter 
to measure particle sizes directly, and it is 
therefore interesting to see what might be 
deduced from routine measurements of air 
activity and deposited activity. 

An apparent relationship between surface- 
air activity and deposition with precipitation 
has already been pointed out (STOREBÖ, 1957), 
and it might be important to see if dry deposi- 
tion and surface-air activity are connected in 
any way. This could help in forecasting the 
extent of dry deposition in very dry periods. 

It is shown here that wet and dry deposition 
and surface-air activity may all be inter- 
related, and that the amounts of fallout mate- 
rials available for capture by precipitation may 
depend upon the amounts of materials removed 
from near-surface air layers by processes of 


dry deposition. 
2. Measuring procedures 


Daily samples of suspended particles are 
collected by drawing about 400 m® of air 
through asbestos fibre filters at a height of 


about 2 m. The exposed filters are ashed and 
measured with an end-window beta counting 
tube after a delay of 48 hours. The counting 
arrangement is calibrated with potassium 40. 

Samples of deposited materials are collected 
in open vessels which are emptied daily. When 
necessary the vessels are washed-out with 
distilled water. Samples are dried by infra-red 
lamps and measured in the same way as air 
dust samples. Precipitation amounts are deter- 
mined from wet sample volumes. 


3. Basic data 


Daily measurements made at Kjeller during 
the period 1 Sept. 1956—30 Sept. 1959 have 
been divided into two groups, covering days 
with and without obvious precipitation. 
Monthly means of air activity and deposited 
activity have been calculated da each of these 
groups. Monthly means of deposition velocity 
(= of deposition of activity per unit =| 


conc. of activity per unit volume of air 
and air to precipitation activity ratios for 
equal volumes, have also been calculated. 
Average precipitation activity and average 
daily air activity have been determined for 
different total amounts of daily precipitation. 

Measurement data for Kjeller have been 
published in several earlier reports (HVINDEN, 
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Table 1. Mean daily values of air activity and deposition on apparently dry days for each month 
between I Sept. 1956 and 30 Sept. 1959. 


1956 1957 1958 1959 
ans. da reed » RP 0.61 173 0.35 204 125 1161 
HSE amies cas à 2 a D « 0.43 89 0.59 119 DATE 1147 
‘a gd g 

VERS ARSTER IE Se 2609 0.73 230 1.59 478 3.08 1324 
N A 3 om i. gS rer 469 2.32 1132 3.04 1195 
ENS EE «sit LES LL ® 5 à Er 1.95 868 1.60 1354 4.50 1629 
UD Own: et « cara ist STE 87 mrs 516 2.50 764 2.12 538 
LISE Ze Su Sa Pag | 0.45 564 2.54 843 1.55 436 
PETE TE a TD 0.70 166 0.57 432 0.53 256 
SED N ee 0.76 2254 0.84 290 Tot 1012 0.28 119 
(OSE RAS REN 0.97 803 1.30 325 1.86 2408 

NOV strate debtomals. 0.61 761 0.45 218 2.18 2532 

DEE om Sec Pr aene 0.67 728 0.34 210 1.43 793 


1959), but are treated in a new way in this 
report. Daily routine measurements were 
started in the Spring of 1956, but results for 
the first 6 months have not been used in the 


posited activity for the whole period. There 
are however a few points which obviously do 
not follow the general trend, and it might be 
important to find out why this is so. 


investigation because of uncertainties in distin- . 
guishing between wet and dry days. A new 
system of recording data was started in Sept. 
1956. 

A number of measurements from March 
1959 have been rejected because of minor 
accidental releases of 1—131 from a nearby 
isotope laboratory. 


a 


w& 


» 


4. Dry deposition 


AIR ACTIVITY ON APPARENTLY DRY DAYS yuc/m3 


MONTHLY MEAN VALUES OF 


Monthly means of air activity and deposited 
activity on apparently dry days are given in 
table 1, the values being plotted in fig. 1. 500 a 12% 20 — 

Most of the points in figure 1 lie quite close pe A RE 
to a line drawn through the point determined 


by the average values of air activity and de- 


Fig. 1. Regression of deposition on air activity from 
values given in table 1. 


Table 2. Mean values of deposition velocity for each month between 1 Sept. 1956 and 30 Sept. 1959. 
The number of apparently dry days in each month and the total deposition on apparently dry days 
are given in columns 2 and 3. 


1956 1957 1958 1959 

JE mon a eneiene 2 a > 0.33 | 20 325 10.0741017 3252 2:09, 10.1.7 TO 7 
IRAs aS ER Sol a: 0.232, Ir 120) | 0128) 0 14 1276100.49, E23 126.4 
IM Bice, See ee RE © 4 | 0.36 | 22 Bet 70306018257 1712:0 70.5021, 10° | 21.2 
IND na San it, g 2 0.49 | 23 |10.8|0.56 | 17 | 19.2 | 0.45 | 16 | 19.1 
a re EM laa ES |SS|s 0.51 | 18 |15.6 | 0.98 | 18 | 24.4 | 0.42 | 25 | 40.7 
HET TER SCT > rs g > | 5.7 | 0.35 | 20 | 15.3 | 0.29 | 22 | 11.8 
LES ee Bate Eres oe 3 ag [1.45 | 14 | 7.9 |0.38 | 18 |15.2 |o.33 | 17 | 7.4 
N Pr eae x 1027| 17 | 28[0.88|'16 | 7010.56| 24 [76.1 
Sept ee 3.43 | 21 | 47.3 | 0.40 | 10 2.9 | 1.05 | 18 | 18.2 | 0.49 | 26 3.1 
en or apres Dom ro 0.96 | 22 | 19.7 |0.29 | Io 2020 W750 0750 1530-7 

INOyZR ee erde ee nen 1.44 | 19 | 14.5 | 0.56 | 12 2.6 11.34 | 14 | 35.4 

DCR rentes rsaeness 2225 9 6.6 | 0.71 | 23 A.8 | 0.64 15 |.11.9 
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As shown in table 2 and figure 2,monthly 
mean values of deposition velocity seem to 
increase almost invariably about 3 months after 
reported high-yield test explosion series (STRON- 
TIUM PROGRAM 1959), possibly due to the 
arrival near the surface of rather large partic- 
les. (The high value of deposition velocity in 
Sept. 1956 could be due to the American 
high yield tests carried out in the Summer 
of 1956.) 


—(— 
MONTHLY MEAN DEPOSITION VELOCITY ON APPARENTLY DRY DAYS 


cm/sec 


— HIGH YIELD TEST SERIES 


BEE ET PR RC Lee EIERN 
1956 1957 1958 1959 


Fig. 2. Variations of deposition velocity from values given 
in table 2. 


It can be deduced from table 1 that an 
average depth of about soo m of surface air 
must have been emptied each day to account 
for the sampled amounts of deposited materials. 
It is interesting that particles of about 6—7 
micron diameter which would fall from 20 km 
in about 3 months (PROJECT SUNSHINE, 1953, 
p. 86), would fall several hundred meters in 
still surface air in the course of a day or so. 
In fact the diurnal variation of fallout air 
activity reported from measurements at Kjel- 
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ler (SMALL 1959), may be due to settling 
of rather large particles intosurface-air layers. 

Fallout air activity which is reduced during 
the daytime by turbulent removal of fallout 
particles, tends to increase during the night- 
time because of continued settling of particles 
into calmer air. 

It might be important to investigate a 
possible diurnal variation of dry deposition 
rate. Such an investigation would probably 
provide some information about the way in 
which particle sizes near the ground change as 
a result of weather conditions etc. The possi- 
bility of important health effects in this 
connection has been pointed out from obser- 
vations of 1—131 accidentally released to the 
atmosphere (SMALL and STOREBO, 1959). 

The values of deposition velocity given in 
table 2 (approx. 0.2—3.4 cm/sec) are sub- 
stantially larger than the value of 0.07 cm/sec 
obtained by STEWART ET AL. (1957). The British 
measurements were made using gummed 
surfaces and sampling funnels, and there is 
no apparent reason for the discrepancy. It 
might be suggested that fallout materials at 
Kjeller have contained a greater proportion of 
large particles. 


5. Deposition with precipitation 

Monthly means of average precipitation 
activity per litre and air activity for days with 
precipitation are given in table 3, and plotted 
in fig. 3. 

Most of the points in figure 3 lie quite close 
to a line drawn through the point determined 
by the average values of air activity and 
average precipitation activity per litre for the 


Table 3. Mean daily values of air activity and precipitation activity on obviously wet days for each 
month between I Sept. 1956 and 30 Sept. 1959 


1956 


1957 1958 1959 

UE un 0.61 735 0.40 400 177, 670 
PES SE 0.31 356 0.34 216 

HT % v 3 bs 0.85 1120 1722 914 2.67 3154 

& ns = 3 Py 1.88 4990 2.02 1746 2.27 2347 

DE 3 &n € = 1.55 1915 1.88 1638 4.61 3625 

Sp SE 0.69 576 1:77 1289 2.54 2736 

a5 = 8 0.64 896 1.03 878 1.19 698 

0.51 342 0.48 652 0.67 403 

0.91 2894 0.90 1026 0.87 1397 0.17 83 
1.00 4168 1.35 1339 1.68 2052 
0.51 1364 0.51 680 2.53 4396 
0.58 1393 0.28 583 0.97 2124 
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AIR ACTIVITY ON DAYS WITH PRECIPITATION pyc/mi 


MONTHLY MEAN VALUES OF 


1000 
MONTHLY MEAN VALUES OF 


2000 3000 4000 5000 


AVERAGE PRECIPITATION ACTIVITY swe/litre 


Fig. 3. Regression of precipitation activity on air activity 
from values given in table 3. 


whole period. Consequently in view of what 
has been pointed out in section 4, it is in- 
teresting to see if the obvious exceptions to 
the general trend in fig. 3 can be explained by 
changes in particle sizes. 

Comparing the air to precipitation activity 
ratios given in table 4 and figure 4 with the 
deposition velocities given in table 2 and figure 
2, it seems that when deposition velocity in- 
creases, the air to precipitation activity ratio 
falls and vice-versa. This might indicate that 
some fraction of fresh fallout particles is 
removed by processes of dry deposition rather 
than by precipitation. One way of explaining 
this is that precipitation processes involve an 
upward movement of air from near the surface, 
Ku 
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MONTHLY MEAN RATIO OF AIR YO PRECIPITATION ACTIVITV 190° (FOR EQUAL VOLUMES) 


2 


INSIGNIFICANT PRECIPITATION 


SOME EL RE UE OUT EEE 
1956 . 1957 1958 1959 


Fig. 4. Variations of air to precipitation activity ratio 
from values given in table 4. 


and that larger particles in particular tend to be 
removed near the surface. This leads to the 
simplified model shown in fig. 5. 

Consequently the amount of fallout mate- 
rials available for capture and removal by 
precipitation, may depend to some extent 
upon the amount of dry deposition from sur- 
face air layers. 

The mean values of air to precipitation 
activity ratio in themselves provide material 
for speculation about precipitation processes, 
since droplet growth by condensation might 
be expected to produce higher values of air to 
precipitation activity ratio than growth by 
coalescence. It appears from fig. 4 that relatively 
fresh fallout materials tend to reduce the air 
to precipitation activity ratio, and it might 
be argued that coalescence effects are more 
important than usual when fresh fallout mate- 
rials are available. Consequently the simple 
model shown in fig. 5, which is based upon 
dry removal effects, may have to be elaborated 
to include effects of fallout particles in the 
formation of precipitation elements. 

The mean value of air to precipitation ac- 


Table 4. Mean values of air to precipitation activity for equal volumes for each month between 
I Sept. 1956 and 30 Sept. 1959. Precipitation amount and total wet deposition for each month given 
in columns 2 and 3 


1956 1957 1958 1959 
| 

ADP EE ARE = eb br: 0.78 | 49 38.1| 1.00 49. 19.Aler.76 | 108 | 7147 
ED Verne Sl ae ae ee a 5 5 ‘a | 0.87 | 120 | 42.1) 1.57 | 60 | 12.8 11.6 
MAD sc ee sectes 221 & | 5% lo.76| 37 | 47.8) 1.34 9 8.2| 0.85 | 45 | 140.0 
ASP E 6 ODE la ee 8 0.38 | 23 |115.0| 1.16 | 45 | 79.7| 0.97 | 103 | 246.6 
a ee CSA „| 0.80 | 48 | 92.5 1.15 | O1 | 149.4] 1.28 | 23 | 82.5 
DUC ATOS c oogme Goa or vor © £ A, à a [1.20 | 131 75.6| 1.38 74 | 95.6| 0.93 13111342 
DAV eee eee oe ae er 3 2| 8 Qo | 0.71 | 112 |100.4| 1.17 | 102 | 92.4| 1.67 80 | 55.7 
INTER ar RIO AED Al 8 | 1.50 | 137 46.9| 0.72 71 | 46.7| 1.42 34 | 13.6 
SÉDUMEe Creer ler el chacio Yodo. 0.31 | 81 |233.7| 0.88 |ı62 |165.9| 0.62 41 | 57.0| 2.06 14 TZ 
Is ara MORD ED CORSO Ge 0.251 1E27.217.20:0| 1.01, 07T 95.5| 0.82 | 110 | 224.9 

NGYA Site RR RER, 0.37 | 42 57.3| 0.75 | 61 41.7| 0.58 55 | 241.1 

IEEE Oey DIO NEAR. 0.42 | 46 64.4| 0.48 4.5| 2.6] 0.46 78 | 166.5 
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tivity ratio for the whole period, 0.9 - 107 
(implying that 0.9 gms of precipitation have 
on the average contained as much activity as 
ı m? of surface air) might be used to form a 
rough picture of the average precipitation 
process at Kjeller. Since average precipitation 
clouds probably contain about 0.3—0.4gms/m# 
of water droplets, it seems that a moderate 
degree of extra condensation is necessary be- 
fore precipitation occurs. This is of course 
not surprising, since cloud water must be 
replenished in order to provide appreciable 
precipitation. It seems that there may in fact 
be a very high degree of correspondence 


CLOUD FORMATION WITH 
CAPTURE OF PARTICLES 


DRY COLD AIR WARM MOIST AIR PRECIPITATION 


aoe Nor bitgubemsbors 03 hakmanlo sd 


PARTIAL REMOVAL 
OF FALLOUT MATERIALS 


Fig. 5. Model showing connection between wet and dry 
deposition and surface air activity. 


between the original activity of surface air/m° 
and the activity of condensed water/m? of 
clouds. It has for example been observed near 
Finse in the southern part of Norway at about 
1,700 m above sea level, that the activity of 
hard rime during deposition was about the 
same as the activity of snow falling in clouds 
at the same height. This suggests that precip- 
itation occurred as a result of droplet growth 
by condensation or sublimation followed by 
coalescence. 

Although the amount of fallout materials in 
air which has come from near the surface 
may be overridingly important, extra amounts 
of materials could be mixed into the clouds 
from. environmental air. This type of mixing 
is probably less important in the case of layer 
clouds than in the case of cumulus and cumu- 
lonimbus clouds. 

For this reason fig. 6 showing the average 
volume activity of precipitation for different 
amounts of precipitation per day, might be 
explained in the following way. Observations 
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AVERAGE PRECIPITATION ACTIVITY - ARBITRARY SCALE 


5 10 15 20 - 25 
PRECIPITATION mm/ 24 hrs 


Fig. 6. Average precipitation activities for different daily 
amounts of precipitation. 


covering days with small total amounts of 
precipitation are likely to be very much in- 
fluenced by convectional precipitation, which 
although typically intense, tends to produce 
relatively small total amounts. However, the 
greater mixing with environmental air, and 
possibly greater coalescence in convection 
clouds, seem likely to produce precipitation 
which is more radioactive than orographic 
and cyclonic precipitation. On the other hand 
orographic and cyclonic precipitation tend 
to produce relatively large total amounts. 
Between these two extremes of small total 
amounts of convectional precipitation with 
relatively high volume activity and large 
total amounts of orographic and cyclonic 
precipitation with relatively low volume ac- 
tivity, occur different combinations of rain- 


06 
0.5 


AVERAGE AIR ACTIVITY - ARBITRARY SCALE 


5 10 15 20 25 
PRECIPITATION mm/24 hrs 


Fig. 7. Average air activities for different daily amounts 
of precipitation. 
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fall types and different degrees of mixing with 
environmental air. 

Fig. 7 shows that air activity tends to be 
lowest on days with large total amounts of 
precipitation. This might be due to a large 
extent to differences in downward mixing 
rates near the surface, mixing being greatest 
when convectional clouds are formed. The 
rather haphazard grouping of points in the 
figure may point to significant variations in 
mixing rates between different days. 

Figure 6 agrees very well with a correspond- 
ing figure given by STEWART ET AL. (1957), 
but does not show the steady increase reported 
by HINZPETER (1958), for precipitation amo- 
unts greater than 10 mm per day. 

The values of air to precipitation activity 
ratio (0,2 - 107$—2.0 - 10-$ between Sept. 1956 
and Sept. 1959) agree well with those reported 
by Brox in Holland (1957), 0.4: 10~&—2.5 - 10-8 
between Sept. 1955 and April 1957, but are 
lower than the value of 3-10-® given by 
HINZPETER (1958) from measurements made 
in Germany in the period July—December 
1957. 

It might be suggested that Hinzpeter’s 
measurements have been more influenced by 
convectional precipitation than corresponding 
measurements in England, Holland and Nor- 
way. This does not seem unlikely in view of 
the geographical and meteorological factors 
involved in precipitation processes. 


6. General discussion of fallout deposition 
rates 


Some of the deposition on days with obvious 
precipitation will have fallen without precipita- 
tion, but on the other hand some precipitation 
will have fallen and evaporated on apparently 
dry days. Consequently the measured dry to 
wet deposition ratio of about 1:6 deduced 
from table 6.1 may not be greatly in error for 
the open sampling vessels during this period. 

To account for the total wet +dry deposition 
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during the whole period an average depth of 
about 2,500 m of “surface” air must have 
been emptied each day. This probably corre- 
sponds to a depth of about 500 m of “average” 
tropospheric air, since air activity increases with 
height. This means that it would have been 
necessary to empty and refill the troposphere 
over Kjeller about once every 20 days in 
order to account for the measured deposition. 
Since deposition at Kjeller is not average on a 
worldwide scale, it might be reasonable to 
use figures for Sr-90 in soils to see how 
Kjeller compares with the rest of the Northern 
hemisphere. A rough average figure for most 
of the Northern hemisphere up to 1958 is 
about 10 mC/km?, the value for Oslo being 
28.6 (ALEXANDER, 1959). The 20 days tropo- 
spheric emptying time might then be multi- 
plied by 3 to obtain a rough estimate of 
60 days for the Northern hemisphere. This 
value can again be multiplied by 10 to obtain 
a rough estimate of 600 days for the average 
stratospheric emptying time over the Northern 
hemisphere, 10 being an approximate figure 
for the number of times “average” stratospheric 
air is more active than “average” tropospheric 
air (ENVIRONMENTAL CONTAMINATION FROM 
WEAPONS TESTS, 1958). 

Assuming insertion heights of about 20 km, 
the average rate of downward transport in 
the stratosphere seems to have been about ıs m 
per day. It is very interesting that this is the 
same figure obtained by Storebö for the prob- 
able average rate of air subsidence in the 
Northern polar stratosphere (STOREBÖ, 1959). 


7. Conclusions 


Some fallout materials from test explosions 
have been deposited more quickly than ex- 
pected, probably because of gravitational 
settling of relatively large particles. 

Measurements show that there might be a 
rather acute deposition period beginning about 


Table 5. Summary of wet and dry deposition data 


1117 daily observations — 655 dry days + 462 wet days 

Total deposition on dry days 0.51 curie per km? 

Seay >» 

Average air activity on dry days 1.43 micromicrocurie per m? 


» » » wet » 


» » » » wet 
» » » for all 
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2—3 months after a large-number of high- 
yield air bursts, and lasting probably a few 
months. 

It looks as though it might be possible to 
forecast both wet and dry deposition rates, 
given sufficient measurements of surface air 
activity over land and ocean regions. 

Dry deposition might be greatly influenced 
by a diurnal variation of removal rates. 


S. H SMALL 
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The Origin of Trade-Wind Orographic Shower Rains 


By A. H. WOODCOCK, Woods Hole Oceanographic Institution! 


(Manuscript received February 6, 1960) 


Abstract 


The purpose of the work reported here was to learn more about rain formation through a 
study of the extensive Project Shower and other data on the physics and the chemistry of rains. 
Most of the observations used have been published. It is demonstrated that the water and 
chloride content of orographic shower rains in Hawaii can be roughly computed from the 
observed amounts of sea-salt aerosols and water vapor in the sub-cloud layer over the sea, 
assuming wet adiabatic ascent of the air. From this and several other relationships among the 
properties of the air and rains, it is tentatively concluded that the showers originate within 
especially moist parcels of air which are carried into the orographic cloud by the trade winds, 
and which were previously formed in the sub-cloud layer over the windward sea. Specific 
suggestions are made for testing the degree to which potential shower-forming air may be 
identified over the sea or the windward shore prior to rain formation. 


I. Introduction 


Since the beginning of the century numerous 
workers have, for various reasons, been in- 
terested in the chemistry of precipitation (see 
review papers by ERIKSSON 1952 and JUNGE 
1958). Among the many results of this world- 
wide interest has been the discovery that the 
chloride concentration in rains tends to decrease 
with increases in rain amount. In the present 
paper, the numerous data concerning the 
chlorinity and other properties of the rain and 
the atmosphere are examined in order to 
see what deductions can be made, if any, about 
rain-forming processes. Recently derived in- 
formation about the individual sea-salt par- 
ticles in the atmosphere is also utilized. 

The presence of chlorides in precipitation 
waters has long been used as an example of the 
capacity of rain to “wash’’ particulate and 
other matter from the air as the drops fall 
from cloud base to ground. Recent tests in 
1951 and 1952 (WOODCOCK and BLANCHARD 
1955) revealed, however, that similar chloride 
concentrations were also present in rains 


1 Contribution No. 1094 of the Woods Hole Oceano- 
graphic Institution. Work supported by the Office of 
Naval Research, under Contract Nonr-798(00) (NR- 
082-124). 
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sampled within the rain-producing clouds, 
making it necessary to revise the “washout” 
idea of earlier workers to include washout 
from the cloudy air as well as sub-cloud air. 
In the present paper it is demonstrated that, 
through alterations in the time, duration and 
position of rainwater sampling, one can reveal 
useful relationships between the chloride con- 
centrations and other characteristics of the rains 
and of the atmosphere from which they fall. 

The Project Shower data resulting from a 
cooperative field study of Hawaiian trade- 
wind orographic showers (SQUIRES 1955), is 
the primary source of the information used 
in the present work. These data have been 
given in a series of reports in Tellus vol. 9, 


No. 4, 1957.1 


2. Comparison of observed and computed 
chloride concentrations in rains 


In a previous study of the rains of Hawaii 
(Woopcocx and BLANCHARD 1955) is was 
computed from observational data and with 
certain assumptions, that about 20 to 40 per cent 
of the airborne salt could be found in solution 
in the rains which fall near cloud-base altitude 


1 Hereafter referred to by the abbreviation PST. 
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Fig. 1. Isohyetal map of the island of Hawaii, showing 

the locations of the earlier rainsampling stations. The 

later more elaborate study required the expanded net- 
work shown in Fig. 2. 


(stations ı and 4, Figure 1). These rain showers 
drift in the wind stream up the mountain 
slope, the rain being “winnowed” in thegeneral 
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direction of stations 3 and $ as indicated by 
BLANCHARD (1957). Rain samples taken at 
position 5 were found to contain only about 
five per cent of the salt. It was suggested at 
the time that the remainder of the salt and 
water of the rains might be found among 
the drops which fall over the intervening 
distance of about 20 km. 

During the Project Shower field program, 
daily rain amounts were sampled at closely 
spaced stations roughly along the average line 
of drift of the trade-wind air, with the purpose 
of examining this idea of winnowed drops. 
From these samples numerous data are available 
showing the daily rainfall and saltfall as a 
function of distance downwind and up the 
mountain slope from stations 32 and 5 on 
the Kulani and Saddle Roads (see Figure 2). 
In this section the properties of the rains from 
these locations will be shown to be related 
to the amounts of airborne salt particles and 
the amounts of water condensed in the clouds. 

The purpose here is to present an analysis of 
a part of the published Project Shower data 
which indicates that the Hawaii orographic 
shower rains are produced in certain parcels 
of air. In simple terms, the actual operation 
performed here is a comparison of the ratios 
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Fig. 2. Map of a section of the windward side of the island of Hawaii. 
The numbered dots on the Saddle and Kulani roads mark the positions of 
the Project Shower rain gages used in the present study. 
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Table 1. Data used in comparing the average chlorinity of the orographic shower rains of Hawaii to 
the chlorinities derived by the use of the ‘shower parcel’? model 


[ele 
: - Airborne 
a in onen 
Date ne particles 
position) tion ugms 106 
hours ka liter 
Oct. 1954 
19—20 S 24 Su 0.34 
20—21 S » 9.2 1.08 
25—26 S » 6.4 0.80 
» K » » 0.49 
26—27 S » » 0.51 
» K » » 0.67 
Nov. 1954 
2—-3 S) 24 6.5 0.08 
» K » » 0.08 
6—7 S » 3.9 0.80 
» R » » 0.69 
7 S 3 4.9 O.II 
» K » » 0.12 
9— Io S 24 2.8 0.14 
» K » » 0.16 
25—26 S » 6.8 0.27 
29—30 Ss » 8.5 0.27 
» K » » 0.28 
Dec. 1954 
N30—1 S 22 11.9 0.40 
» K » » 0.49 
I—2 S 24 10.7 124: 
» K » » 0.88 
2 S 2 IT 0.17 
» K » » 0.09 
2—3 S 21 9.3 1.10 
» K » » 1.34 
3—4 S$ 24 5.2 O.II 
» K » » 0.15 
3 S 2.5 — 0.06 
» K 2.5 — 0.05 


ce | d | e | f | g | h 
Chloride | Chloride 
Saltfall ris Cloud ASE conc. of | conc. of 
2 > ase content : F 
(in rain) iti top : rain rain 
altitude 2 of rain 
were altitude observed] comp. 
105 gms | (c/b) | (a/f) 
mg Cl m m kgs? male | mels! 
0.36 336 2,410 3.8 1.0 0.7 
3.96 610 2,740 4.0 3.7 2.3 
0.05 » 2,920 4.2 0.1 1.5 
0.20 » » » 0.4 » 
0.23 » 2,470 3.5 0.5 1.5 
1.02 » » » 1.5 » 
0.22 458 1,830 2.5 27 2.6 
0.39 » » » 4.8 » 
0.14 404 3,020 5.0 0.2 0.8 
0.45 » » » 0.7 » 
0.07 503 2,710 4.2 0.6 1.2 
OMT2 » » » 1.0 » 
0.19 305 2,010 3.1 1.3 0.9 
0.23 » » » 1.5 » 
0.37 915 3,110 3.6 1.4 1.9 
0.71 670 2,860 4.0 2.6 Agi 
0.95 » » » 3.4 * » 
1.34 610 2,840 ART 3.8 2.9 
2.23 » » » 4.6 » 
2.38 630 3,260 4.8 1.9 282 
3.14 » » » 3.5 » 
0.34 640 3,020 4.4 2.0 2.5 
0.35 » » » 3.9 » 
0.93 610 3,140 4.5 0.8 2.1 
0.82 » » » 0.6 » 
0.19 900 2,220 2AT 1.8 2.5 
0.37 » » » 2.4 » 
0.09 670 3,050 4.5 15 = 
0.03 » » » 0.7 — 


* Rain and salt falling on a strip one meter wide, which extends from gages 5 and 32 to the upper 


limits of the rain areas. 


of the total saltfall and rainfall on the mountain 
to the ratio of salt load of the sub-cloud air 
and the total water condensed as this air 
ascends in the clouds. 

The information used to derive these ratios 
is listed in Table 1, along with other pertinent 
facts which will enable the reader to find the 
original data in PST. The primary observations 
are contained in columns a through h, Table 1, 
and are discussed in that order below. 

a. The quantities of chloride in the sub- 
cloud air over the sea are taken from pages 
522 and 523 (PST), and are the sums of the 
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products of the median number particle weight 
in each weight range category and the number 
of particles in each range. 

b. Integrated total amounts of rainfall in 
rain gages 5 through 25 on the Saddle Road 
and numbers 32 through 44 on the Kulani 
Road are given. Uniform steps of about 1,570 
meters were used in this integration, in order 
to smooth out small differences in the spacing 
of the sampling station. The rainfall amounts 
given represent the total falling on a strip one 
meter wide. 

Effectively samples are thus obtained at 
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various successive times in the life histories 
of the showers, which begin on the lower 
slopes and rain out as they drift up the slope 
about parallel with the lines of sampling sta- 
tions (see Figure 2). Only stations within 
the orographic clouds are included in this 
analysis, thus avoiding any question of salt 
collected by the rain in falling from cloud base 
to ground. (Excluded from this analysis are 
the Kulani Road data of November 26—27, 
which included rains of the 25th to 26th, and 
the Kona Storm rains of the 27th to 29th of 
November, when flights were cancelled.) 

c. Integrated total fall of chloride dissolved 
in the rains is derived in the same manner as 
the integrated rainfall discussed above under (b). 

d. Cloud base altitudes over the sea as 
measured by aircraft are given. These were 
found on occasion to differ by one hundred 
meters or more in places only a few miles 
apart. The altitudes given are the minimum 
values observed during the flights. 

e. The average altitude at which the radio- 
sonde record showed drying of the air 
<50 % relative humidity. Four ascents were 
made daily (PST pp. 569 to 580). This drying 
of the air was often associated with the trade- 
wind temperature inversion, but is thought 
to be a better indicator of average cloud top 
than is the temperature. 
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Fig. 3. A comparison of the average observed chlorinity 
of the integrated total rainfall on the Saddle and Kulani 
roads and the rainfall chlorinity computed from the 
“shower parcel’? model. The numbers near the points 
refer to the days of the month, as given in Table ı. 
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f. The average water content of the rain 
is derived by assuming that an air parcel, equal 
in vertical extent to the distance from sea 
surface to cloud base (i.e., equal to d), flows 
into the orographic cloud and is lifted wet- 
adiabatically from cloud base to within 
one-half of the distance d below the cloud top. 
Cloud-base mixing ratio is approximated 
from the Hilo radiosonde records (PST pp. 
569—580), a tephigram being used to derive 
the total condensed water. 

g. Column g lists the ratios of the total 
saltfall to the rainfall (c/b). This chloride con- 
centration is thought to be equal to that 
which would be found in rains if one could 
catch all of the water falling from the showers. 
as they move up the mountain slopes. 

h. These computed chloride concentrations 
(a/f) are compared to the average of those 
observed (g). The reason for making this 
comparison is the idea that the rains are 
generated in certain ascending parcels of air. 
It is thought that the salt content of these 
parcels is equal to the average in the sub-cloud 
layer over the sea and that their water content 
equals that released in the wet adiabatic ascent 
of the parcel. 

Figure 3 shows the relationship between 
the average of the chloride concentrations 
observed on the Saddle and Kulani Roads 
(Table 1, column g) and those estimated 
through the use of the rain-generating parcel 
model mentioned in h, above. (On October 
19th through 21st, the Kulani Road gages 
were not yet in operation.) 


3. Discussion of Figure 3 


At first glance the relationship of the ob- 
served and computed chlorinities in this graph 
may seem poor. The values seem remarkably 
similar however, when one reviews the varia- 
bility of many important factors involved. 

For instance, if many rains begin upwind 
of gages 5 and 32 (Figure 2) and near the coast 
during a 24-hour period, the higher salinity 
drops which are the first to come from the 
showers (TURNER 1955, WoopcocK 1953) 
will fall before the showers pass over the 
sampling stations, thus causing these drops to 
be inadequately represented in the two lines 
of gages. The low-chloride rains of October 
25 to 26 and December 2 to 3 may be due to 
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this factor (see Figure 3 and the isoheytal 
maps pp. 587 and 589 PST). 

Showers moving in directions not parallel 
to the lines of gages can also alter the assumed 
average pattern of the first larger drops falling 
in the lower-level gages and the smaller drops 
falling in gages successively further up the slope 
in the direction of shower drift. Such showers 
might serve to increase or to decrease the 
observed twenty-four hour average chlorinities 
such as those given in Figure 3. 

On many occasions only one measurement 
of airborne salt was available for a 24-hour 
period. The data however show differences of 
two to three times in airborne salt in a day, 
thus adding a further potential error in the 
computed concentrations of Figure 3. 

Errors can arise in the estimation of con- 
densed water from uncertainties as to the 
time of occurrence of the most of the rain! and 
consequently as to which of the four daily 
radiosonde records to use in estimating cloud 
thickness and the amounts of condensed 
water. The average inversion altitude, as 
reflected in the drying of the air <50%, 
has been used here in estimating condensed 
water amounts, though if one knew the time 
of occurrence of most of the rain, it might 
be much more realistic to use only one of the 
radiosonde records as specifying the state of 
the lower atmosphere. 

Leopold’s suggestion of the possible existence 
of local convergence over the region of 
maximum rainfall (LEOPOLD 1949) may also 
be important here, though occasional observa- 
tion from aircraft revealed no marked increase 
in cloud top altitudes in this region of the 
orographic cloud. 

The presently most satisfactory explanation 
of the results on Figure 3 is one requiring 
the assumption that the major growth of the 
raindrops takes place in parcels of ascending 
air, and that in the drop growth process all 
of the salt particles in these parcels become 
dissolved in the rain waters. Alternative 
assumptions of fallout of all salt and condensed 
water in the whole cloud, or of washout of 
total cloud salt by rain formed in the parcels 
alone, produce computed salinity values which 
in all cases fall to the right of the forty-five 
degree line on Figure 3. 

” 1 The rain recorders should have been in continuous 
operation. 
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We might also suppose that the salt and 
water does not come from the sub-cloud 
parcels exclusively, but is fractionally extracted 
from most of the cloud in some accretion 
process such as that suggested by Bowen (1950). 
If this occurs, then the relationship suggested 
by Figure 3 requires that this accretion process 
in each shower extract an amount of water and 
salt from the cloud which is approximately 
proportional to the cloud-base-to-inversion 
distance and to the weight of salt in the sub- 
cloud layer respectively. 

Proportionalities such as these seem reason- 
able, but the sequence of events pictured in 
Bowen’s model seems clearly inapplicable to 
the Hawaii orographic shower rains. For 
instance, WEXLER (1954) has shown that appli- 
cation of Bowen’s model to the growth of 
marine aerosols in cumuli should result in an 
early fall out of the giant (10-° gm) sea-salt 
particles as small raindrops, whereas the more 
numerous smaller (10-1° gm) particles should 
fall later in the shower as larger drops. How- 
ver, Woopcock and BLANCHARD (1955) 
found that the initial drops falling at the 
beginning of a shower at cloud base were 
large and few in number and later Turner 
showed that the salt content of the large drops 
ranged from about 2x 107? to 107% grams 
(see TURNER 1955, Figure 4, curves b). Woop- 
cock and BLANCHARD (1955) also showed 
that the numbers of these drops per cubic 
meter of air approximated the numbers of 
the giant salt particles of the masses given, 
suggesting a growth mechanism which tended 
to conserve the number per unit volume of 
air as the giant nuclei grow to raindrop size. 
Thus if one assumes that the coalescense of 
many droplets containing smaller amounts of 
salt have chanced to become one drop whose 
salt content is equivalent to the mass of the 
larger sea-salt particles, he is faced with the 
problem of explaining the number correspond- 
ence mentioned above. 

The purpose of emphasizing here the large 
amounts of salt in the large raindrops, however, 
is to suggest that the evidence is against the 
Bowen mechanism as one which is consistent 
with the results given in Figure 3, since the 
mechanism fails to account for some of the 
details of the character of the rains represented. 
On the other hand, the salt nuclei hypothesis 
of raindrop formation outlined by the author 
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(Woopcock 1952) and tested in collaboration 
with BLANCHARD (1955), does not conflict 
with Turner’s observations (Woopcock and 
BLANCHARD 1955). It is pertinent to repeat here 
that this hypothesis led to the suggestion that 
the fraction of the rain and chloride which 
was not found near cloud base, should be 
found among the drops distributed up the 
mountain slopes by the winnowing action 
of the wind. The integrated total fall of salt 
and water on these slopes (columns b and c, 
Table 1), does indeed appear to be a rough 
summation of the total amount of these sub- 
stances in the rain-generating parcel of air. 

Entrainment of air from the orographic 
cloud into the shower-producing parcels has 
not been considered. An implication of Figure 
3 is that entrainment into the parcels, if it 
occurs, does not greatly alter their relative 
salt and water contents. 

Impactor samples of salt aerosols taken by 
Junce (PST pp. 535) near ground levels well 
within the orographic clouds, and during 
“drizzle”, showed an almost complete absence 
of chloride among the “giant particles” (0.8 
to 8 u. radius). This might be mistakenly inter- 
preted as indicating that the rains had washed 
out all of the particles with which we are 
concerned here. However, within the cloud 
most of the giant sea-salt particles would have 
grown into cloud droplets larger than Junge’s 
upper limiting size of 8 u. (KEITH and Arons 
1957), and thus would have fallen out in the 
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so cm long “precipitation tube”, before 
reaching the sampling surfaces of his im- 
pactor (JUNGE 1958). 

The foregoing discussion of Figure 3 is not 
regarded as proof that the major growth of 
the raindrops occurs exclusively in parcels of 
sub-cloud air ascending in the orographic 
cloud. At this time, however, the author is 
unable to think of a more plausible notion. 
Later in this paper a further method for testing 
this idea in the future is outlined. 

The mechanics of rain formation which can 
lead to the observational results given in Fig- 
ure 3 and to those upon which the salt-nuclei 
raindrop hypothesis (Woopcock and BLAN- 
CHARD 1955) is based remain unknown to the 
author, though KOMABAYASI (1958) has made 
an interesting approach to the latter problem. 
Recent work by C. G. H. Rooth (unpublished) 
on an additional theoretical model, involving 
drop growth in air parcels having the form of 
spherical vortices, is producing some useful 
results. In the meantime, some of the impli- 
cations of the present air-parcel idea of shower 
rain origin seem worth additional investigation 
here in an effort to mark out promising paths 
for further exploratory field work. 

The author has long entertained the idea 
that parcels of air in which showers are to 
form may be identifiable in the tradewind 
stream over the sea, prior to their passage 
over the windward shore and into the oro- 
graphic clouds. The following study supports 
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Fig. 4. The lower part of this graph gives the maximum drop diameter (+ 0.1 

mm) found on the drop-recorder tape, exposed at station 4 on Oct. 21, 1954, as a 

function of time. The distance scales represent the motion of the lower air 

(at 8.5 knots) during the time the rain recorder was operating. The upper part 

of the graph shows horizontal differences in mixing ratio which were taken from 

Figure 5. (A correspondence of upper and lower traces on Figure 4 is not to be 
expected.) See text for more explanation. 
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Fig. 5. Reproduction of some of Johnson’s data (PST p. 498, Fig. 5) showing differences in the distribution of 

temperature and water vapor on Oct. 21, 1954, in a horizontal flight made about parallel to the surface wind 

and windward of Hawaii. The purpose here isto illustrate the effects of the differences in the amounts of 

vapor upon the virtual temperature when the sub-cloud layer is lifted above the saturation altitude. The numbers 

at the top of the figure were added to show the range of virtual temperatures which will exist in the moist parcels 

if the layer is lifted adiabatically to the 911 mb level. Note that the virtual temperature of these parcels exceeds 
that of the environmental air at the time (see Table 2). 


this idea in a way which enables one to form 
some specific questions upon which to base 
suggestions for further work. 


4. Identifying potential rain-forming air 
parcels 


Concerning the idea of the existence of spe- 
cific shower-producing parcels in the sub-cloud 
layer over the sea, it is interesting to ask how 
many showers fall each twenty-four hours, 
and what property differences in the layer 
might show a frequency of recurrence similar 
to that of the showers. 

Unfortunately, there was only one day 
during the project when a rain recorder was 
in operation at a time when measurements 
were also made in the sub-cloud air over the 
sea and when the flight was made parallel 
with the surface wind. 

On October 21, 1954, between 1610 and 
2250 HST, a rain-recorder indicated about 
thirty-four showers passing station 4 (see map, 
Figure 1). Each increase in raindrop size, or 
each peak in recorded maximum size (see 
lower part of Figure 4) is counted as a separate 
shower, since there seems to be no clear 
physical basis for discrimination among them 
at this time. 

Between 1054 and 1217 on the same day, 
wet- and dry-bulb temperature measurements 
were made in the lower air over the sea along 
a flight path parallel with the surface wind 
and windward of the sampling area on Hawaii 
(see PST p. 498). A part of the flight data is 
reproduced here in Figure 5 and at the top of 
Figure 4. The timing of these aircraft measure- 
ments was such that some of the air in which 
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the flight was made would flow over the 
island sampling area during the rain-sampling 
period. The Hilo wind for the 300 m to 2,100 
m layer, averaged 8.5 knots during the rain- 
sampling period (PST p. 570). Thus, about 57 
nautical miles of air flowed over the Saddle 
Road during the rain-sampling interval (sce 
distance scale on Figure 4). 

Examination of Figures 4 and 5 shows 
that the factor which might significantly alter 
the stability of this lower air as it is forced up 
into the orographic cloud and one which 
varies spatially at frequent intervals in flight 
parallel with the wind, is the amount of water 
vapor.! It will be noted that there are 18 
marked peaks in the mixing ratio (W) in 
the 33 nautical mile flight path. The vapor 
content and temperature of these moist air 
parcels was such that their virtual temperature, 
upon adiabatic lifting to 911 mb and higher, 
would exceed that of the environment at the 
time by at least 0.5 °C (see Table 2). Figure 6 
shows graphically these excess temperatures, 
using the environmental conditions specified 
by the Hilo radiosonde and by Johnson’s air- 
plane sounding. These more unstable parcels 
of air from the sub-cloud layer should ascend 


1 The results of cross-wind flights by Johnson are not 
useful here because the rain recorders indicate the showers 
that occur along the line of flow of the trades, and not 
those that occur normal to them. It is noteworthy that 
the frequency of occurrence of horizontal differences 
in W in the sub-cloud air was not the same during the 
parallel-with-the wind flight on October 21, and cross- 
wind flights on other days (see PST, pp. 498, 501, 502 
and 503). Measurements should have been made on 
both headings at about the same time and altitude on 
each of the days studied. 
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Table 2. Results of airplane sounding made by Johnson (PST p. 499) at 1218 to 1241 HST, on Oct. 
2I, 1954, over the sea a few miles southeast of Hilo. The pressures were derived from the altimeter 
readings, and the virtual temperatures were derived through the use of Table 72 of the 1958 Smith- 
sonian Meteorological Tables. The columns marked “moist parcels” give the virtual temperatures of the 
dryest and the wettest of the 18 moist parcels indicated on Figure 4, assuming adiabatic ascent above 
the condensation lifting level. Note that temperature (Ty) excess over that of the environment (columns 
6, 9, 10 and 11) becomes large only above about 1,020 m. 
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Johnson’s Sounding “Moist Parcels’’ Hilo Radiosonde 


Altimeter dryest wettest interpolated values 
reading P oe Le Ww Tes 
1100 1700 2300 
Ty Ty 
m mb C C gm kg-! Ty Ty Ty 
256 983 22.1 | 20.2 14.6 24.7 
348 972 21.0 | 19.8 14.7 23.6 
430 963 20.1 18.8 13.9 22.6 
470 958 20.24) 0lG.9 12.8 22.5 
510 953 19.8 | 17.9 13.0 22.1 
560 948 19.5 | 17.0 12.0 21.6 
607 942 19.3 16.6 LI 7 21.4 
665 936 T8 68 717.0 12.5 20.8 
760 926 18.4 | 15.8 TI2 20.4 20.4 ZEIT 21.0 19.2 20.2 
850 915 17.80) 75.5 27.3 19.8 19.9 20.6 20.4 18.9 19.6 
890 911 177.170 825.9 12.0 19.1 19.6 20.4 20.2 17.9 19.3 
940 905 16.8 | 14.8 TIL.O 18.7 19.4 20.1 19.8 773 18.8 
1,020 897 16.6 | 14.8 TE 18.5 19.0 19.8 19.3 16.6 18.2 
1,050 394 | E07 TAT, 11.3 18.1 18.9 19.6 19.2 16.4 18.0 
1,280 868 14-04 12:06 9.7 16.6 177 18.4 17.5 15.5 16.0 
1,320 864531, 74.7215 12:5 9.7 16.4 17.4 18.3 27.2 15.4 15.7 
1,380 858 Ash |) 12.1 9.5 16.2 17.2 18.0 16.8 15.3 15.2 
1,460 849 13.8 | 11.0 8.6 15.3 16.8 17.5 16.2 15.0 14.5 
1,495 846 13:84 7 17.2 9.0 15.4 16.7 1.783; 16.0 15.0 14.3 
1,640 831 12.7 | 10.8 9.1 14.3 15.9 16.7 15.0 14.5 13.2 
1,680 827 12.2 || {10:9 9.5 13.8 15.7 16.4 14.7 14.2 12.8 
1,700 825 1713/97 70.5 9.2 13.5 15.6 16.4 14.6 14.0 1247 
1,780 817 11.5 10.2 9.1 1347 15.1 15.9 14.1 13.6 12.1 
1,830 812 11.0 | 10.0 9.2 12.6 15.1 15.7 13.8 13,2 EE 
1,975 797 10.6 8.2 DET 11.9 14.0 15.0 12.8 1247 10.5 
2,130 782 9.4 8.9 9.0 10.9 73.2 14.1 11.8 II.o — 
2,300 765 8.8 6.2 6.8 10.0 12.4 13.2 107 9.8 — 
2,440 753 8.3 5.8 6.7 9.4 11.8 12.6 9.8 8.9 — 
2,560 744 10.6 0.7 1.5 10.9 11.0 11.9 10.4 8.0 — 
2,750 723 10.7 0.5 1.5 II.0 10.0 10.9 11.8 6.6 — 
3,040 697 8.5 |—0.9 1.4 8.7 8.3 9.3 — 9.0 


more rapidly in the. orographic cloud than 
other parts of this layer. Markus (1954) has 


showers were estimated from the rain-recorder 
tapes. The purpose here is that of simply 


shown that virtual temperature excesses of 
0.5 to 2°C are commonly associated with the 
most rapidly ascending air in trade-wind 
cumulus clouds. It is assumed that it is within 
these moist parcels that the showers develop 
after the sub-cloud air passes up the wind- 
ward slopes of the island and into the oro- 
graphic a. 

Thus, in the 57 nautical miles of air flow 
over station 4 on the Saddle Road, about 31 
of these moist parcels should pass. Thirty-four 


emphasizing the rough similarity of the spatial 
distribution of showers and moist parcels (see 
Figure 4), and to point out that the parcels 
would have the highest virtual temperature 
in the clouds. We do not know the structure of 
the air which actually passed over the rain- 
recorder station. However, we do know 
that more than 75% of the 120 nautical 
miles of air measured by Johnson on the 21st 
showed structure similar to that represented 
at the top of Figure 4. 
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Fig. 6. Virtual temperature differences between the 

average moist parcel (Fig. 5) in adiabatic ascent and that 

within the lower atmosphere at various times during 

the observation period. Aircraft sounding made over sea 
about ten nautical miles southeast of Hilo. 


5. Discussion of Figures 4 and 5, and Table 2 


It may be argued that the difference be- 
tween the virtual temperature of the “moist 
parcels” and that of the adjacent ”dryer par- 
cels” (a few tenths to one degree) seems small. 
It should be remembered, however, that as the 
lower air orographically ascends, the moist 
parcels will be the first to reach the con- 
densation lifting level, and hence will be the 
first to experience the additional buoyancy 
as latent heat is released. The recurring 
showers, and the similarity of their number 
to that of the moist parcels present a picture 
of chain-like rain-forming air masses linearly 
imbedded within the wind stream passing 
over the island. This perhaps explains the 
cellular nature of the orographic cloud, partic- 
ularly towards its seaward edge, as noted by 
Squires and Warner among the records from 
their numerous flights made within this cloud 
to determine the droplet size distribution and 
liquid water content (see PST, p. 487). Many 
more measurements of moist parcel number 
and shower number are needed however. 
One naturally wonders what the moisture 
structure of the sub-cloud layer might be 
in the absence of shower activity on the 
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island and when known influencing factors 
such as the temperature inversion and wind 
characteristics seem favorable for showers. 

It will be noted that Johnson has indicated 
a mixing ratio accuracy of + 0.2 gm kg! 
as derived from his psychrometric measure- 
ments. This error is due primarily “to the 
inaccuracy in determining the correction for 
dynamic heating” (PST p. 496). We are 
largely concerned here with differences rather 
than absolute values in mixing ratio. Since air 
speed was constant, dynamic heating errors 
would also be constant. The wet- and dry- 
bulb temperature (and hence mixing ratio) 
differences encountered in flight are concluded 
theref re to be real. 

Similar spatial differences in water vapor 
had been previously observed from ships and 
aircraft in trade-wind regions of the Atlantic 
and on the windward shore of one of the 
Hawaiian islands (see Figures. 7 and 8). It is 
thought that these features are common in 
the sub-cloud air of these and perhaps other 
latitudes. In fact the data on Figure 9 show 
that moist parcels are present in the lower 
wind stream a short time after continental air 
passes over the sca, though in this case it is 
thought that the moist regions are of very 
limited vertical extent. 

Sensitive shielded mercury thermometers 
were used to make the measurements reported 
on Figure 9. Response time was 60% full 
scale in seven seconds and thermometer error 
correction was applied to the nearest five- 
hundredths of a degree. Readings were made 
each thirty seconds at a fixed location on the 


16.0, T —— 7—— T —t + + — — 


Ë 
gm.kg”" 
125 SERIES 2 


SERIES 3 


AIR FLOW (km.) 


Fig. 7. Horizontal differences in the temperature and 

mixing ratio in the lower atmosphere of an Atlantic 

trade-wind area. It can be seen that these differences are 

very similar in frequency and amplitude to those presented 

in Fig. 4, 8 and 9. Table 3 and text give more information 
about these data. 
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Fig. 8. One of five similar hygro-thermograph records from instrument exposed 
to trade winds at Lanikai Beach, Oahu, Hawaii. Location about 30 meters from 
windward shore, at site shielded from direct solar radiation and rain. For compa- 
rison, data from sling psychrometer measurements given in table below. Thermo- 
meter error corrected to nearest 0.1°, and times adjusted to error of the thermo- 
graph clock. Hygrothermograph shows short period RH changes of 4% to 10% 
with little dry temperature change. Mercury thermometers confirm these differ- 
ences, when consecutive readings are made a few minutes apart (see results of last 
four measurements on table). 


outer end of a pier near the Woods Hole 
laboratories, the passing air being metered 
with a recording anemometer. 

The series two temperature measurements 
(Table 3 and Figure 7) were made at the bow 
of the research vessel Atlantis while it was in 
the Atlantic trade-wind area and moving 
windward. A sling psychrometer was used, 
and the thermometers were read each fifteen 
seconds. Radiation shielding was supplied by 
metal foil, and thermometer error corrected to 
the nearest one-tenth degree. The series three 
data were kindly supplied by Mr. A. F. 
Bunker of the Woods Hole Oceanographic 
Institution, from his aircraft measurements. 

The effects of short-period variations in 
the thermal structure of the lower 3,000 m of 
the trade-wind atmosphere in altering the sta- 
bility of the moist parcels (inadiabatic ascent), 
is clearly illustrated on Figure 6. A progressive 
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Fig. 9. Temperature and mixing ratio found within the 
wind stream shortly after air passed from land to water 
surface. See Table 3 and text for further information. 


increase in the Ty difference within a short 
time and distance is apparent, showing the 
potential importance of almost continuous 
scanning of this part of the atmosphere in 
trying to understand events in the clouds 


which are imbedded therein. 


6. Estimate of shower diameters using parcel 
method 


If most of the water condensing within 
the ascending shower-producing parcels even- 
tually falls out along the lines of gages on 
the mountain slopes, one should be able to 
estimate the average sizes of the showers 
from the data on Table 1 and from the number 
of showers indicated by the rain recorders. 
The apparent average shower diameter (S) 
is estimated as follows: 


R 10% 
a Whn (1) 
where R = average total rain; see Figure 2 
and Table 1, column b (liters 
m1) 
W = total water condensed; Table 1, 
column f (gms kg!) 
h = vertical distance from sea surface 
to cloud base; Table ı, column d. 
(m) 
n = shower number (counted as on 
Figure 4). 
Tellus XII (1960), 3 
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Table 3. Additional data concerning observations given on Figures 7, 8 and 9 
a SM ES SR PAE mule Aka fri nities A+ wahr Jind I 


Surface Wind| A | Sea 
F Time | Lat. Jonas Alt Demon: \ 1 Fetch 
Se Dat 8 - ‘ihe 
Ties ate N N W Speed | Dires- Pres- | face | Place En 
Al ton | sure Temp. 

msec mb € 
I July 11, 1945| 1400 |41°31’56”|70°40’15” 7 320 | 1015 | 22.6 dock 19 
2 Apr. 24, 1947| 0630 |20°38’ |69°00’ 3 90 | 1017 | 26.2 | ship’s | > 1,000 

bow 

3 Nov. 14, 1958| 1100 |18°40’ [65°50” 305 7 70 977 — | aircraft | > 4,000 


Unfortunately none of the Project Shower 
data properly fulfill the requirements of equa- 
tion (1). This is not surprising, since the 
program of observations was not designed to 
answer the questions posed. During the best 
single twenty-four hour observation period 
(Dec. 1—2, Table ı and PST pp. 548 and 
549), the rain-recorders missed more than 
eight hours. The two- and three-hour inter- 
vals of Nov. 7 and Dec. 2 and 3, are also 
uncertain because the time required to read 
the numerous rain gages was about one-half 
of the total sampling time. Thus, on Dec. 2, 
the rainfall in the Saddle Road gage number 5 
(see Figure 2 and PST p. 514) represents the 
period 1414 to 1612, while the last gage, 
number 25, caught rains falling between 1509 
and 1715 (see data file Pineapple Research 
Institute, Honolulu, Hawaii). 

Using interpolations and extrapolations of 
the rain gage and rain-recorder data to cover 
the unknown time intervals, shower diameters 
of from 1,700 to 4,100 meters were computed 
for the above dates, using equation (1).1 This 
diameter range is consistent with the few indi- 
vidual showers distinguishable in the liquid 
water records obtained in the orographic cloud 
by Squires and Warner (PST, see especially 
Figure 12 and pp. 487—489). Also, the Hilo 
rawinsonde data indicate in general a suffi- 


4]t will be noted that the drop maxima, shown by 
the peaks on rain records such as Figure 4, are represented 
by n in equation (1) as if individual showers contributed 
equal amounts of rain to the lines of gages. It is clear 
however that these showers are widely different in inten- 
sity at any one location (e.g. PST p. 545). The high-rate 
rains have larger drops and presumably briefer duration, 
while the low-rate rains have smaller drops and presum- 
ably longer duration. Thus an equal value for R, in 
equation (1), can result from a 30 mm hr”! rain lasting 
three minutes or a 3 mm hr~ rain of thirty minutes 
duration. 
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cient air flow inland to transport air parcels 
of the number and size required. Examination 
of the rain-recorder records shows however 
that variability in shower activity with time 
makes the validity of extrapolations or inter- 
polations very uncertain. 

Thus the major usefulness of equation (1) 
at this time is to point out that it constitutes 
a further means of testing the shower-parcel 
idea, when applied to data obtained during 
a properly designed observation program. 


7. Conclusions 


The idea that the showers originate in spe- 
cific moist parcels of air enables one to advance 
tentative explanations for the following charac- 
teristics of Hawaiian orographic rains which 
have been revealed by the Project Shower data. 


1. Chloride concentration 
2. Shower frequency 

3. Total water content 
4. Horizontal dimensions 


This result suggests that these rains form in 
units of air within the trade wind stream 
which may be identifiable prior to their arrival 
over the land. Despite the limited extent of 
some of the data supporting this idea, a 
reasonably consistent shower model has 
evolved. The importance in meteorological 
studies of locating shower-forming air before 
the shower occurs, makes further work seem 
clearly worthwhile. Prior location would of 
course be a forecasting aid and would simplify 
and make more economic studies of the effects 
upon shower production of artificially altering 
the nuclei population and other characteristics 
of potential shower-producing air parcels. 

Since the chloride and water contents of 
Hawaiian rains seem to be explicable through 
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the use of the moist-parcel idea, the application 
of this idea to rains in other areas, becomes a 
question worth consideration. 

The parcel idea suggests that orographic 
shower frequency is related to the frequency 
of occurrence of certain moist parcels having 
virtual temperature excesses over those of the 
environment comparable to or exceeding 
those shown on Figure 6. 

The occurrence of orographic showers in 
regions such as Hawaii should be predictable 
from measurements made within the cloud and 
sub-cloud layers of the lower atmosphere 
which are soon to pass over the area concerned. 
Horizontal runs and vertical soundings by 
aircraft, similar to those made by Johnson, 
are best; their number and extent depending 
upon the variability with time, distance and 
altitude of virtual temperature, mixing ratio, 
and perhaps other factors such as wind shear. 

Figure 8 indicates that the moist air parcels 
of higher levels probably extend to within a 
few meters of the sea surface. If so, a simple 
means of testing them as a source of showers 
would be to set up a line of observing stations 
along the coast normal to the dominant 
winds and windward of a network of recording 


A.H. WOODCOCK 


~ 


rain gages. Thus one could continuously scan 
the surface air two-dimensionally (or perhaps 
three-dimensionally using towers) for moist 
parcels and for showers. Frequent local radio- 
sonde and rawinsonde ascents would also 
be needed as indicated in the present study. 

Relatively long term field programs should 
be initiated at favorable locations, with the 
purpose of understanding and perhaps ex- 
ploiting the relationshipsindicated here between 
certain properties of the air stream and the 
precipitation resulting when this air is subse- 
quently lifted. 
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The Effect of Monochromatic Light on the Concentration 
of Large Ions 
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Abstract 


The divided electrode condenser is used to study the effect of monochromatic light of wave 
lengths between 4,030 and 6,610 Ä (using 10 interference filters of Jena glass), on the concentra- 
tion of large ions having mobilities below 10 x 10-4 cm/sec: volt/cm. 

The number of ions per c.c. is measured with the aid of the characteristics obtained for each 
wave length, at different group mobilities, both in the presence of light (N,) and in complete 
darkness (N,). The ratio (N,/N,) is obtained for each filter and for the four mobility groups, i.e. 
6.90 x 1074, 2.22 x 1074, 1.02 x 1074 and 0.60 x 10-4 cm/sec. : volt/cm. 

The results are discussed on the basis of statistical analysis by applying the correlation and 


significance tests. 


Introduction 
The influence of visible light on the mobility 


spectrum of large atmospheric ions was studied 
here at Giza by G. ORINER and A. F. ELNADI 
(1955). They found that there is an increase in 
the ion concentration for ions with mobilities 
greater than about 2.0 x 1074 both in daylight 
and in case of light from a tungsten filament 
lamp. On the other hand, ions with mobilities 
smaller than 2.0 x 10-4 show a decrease in the 
ion concentration. 

H. IsrAËL, G. Fries and H. DOLEZALER (1956) 
in a report on “Parallelism occurring in the 
registration of potential gradient and general 
local brightness”, came to the following con- 
clusion: 

“When continuously registering the atmos- 
pheric potential gradient and the air earth cur- 
rent on one hand and the general local bright- 
ness on the other hand, occasional parallel- 


1 Assiout University, Faculty of Sience, Assiout, Egypt. 
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isms and antiparallelisms between the elements 
were observed. 

F. VERZAR and YVETTE Kunz (1957) showed 
that in a closed air mass which has a very low 
nucleus count, direct sunlight produces, in a 
few minutes, large numbers of atmospheric 
condensation nuclei. 

S. Williams and W. A. Morgan (Ireland) 
observed an increase in concentration of con- 
densation nuclei, which are of the same size as 
large ions, with sunshine near the Atlantic at 
Valentia. A similar behaviour was found in 
Basel by M. Bider (Poırak 1955). Later 
A. F. ELNADI (1958) at Giza, Cairo, showed 
that ordinary light decreases the concentration 
of small ions of mobilities > 1.3 while it causes 
an increase for lower mobilities ( < 0.045). 

In this paper the influence of monochromatic 
light on the large ion concentration is studied. 


Apparatus 

The apparatus used in this investigation 
consisted of a cylindrical condenser composed 
of two concentric brass tubings. The inner elec- 
trode of 4.76 cm external diameter was divided 
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into three sections insulated from each other 
and fixed firmly together by perspex cylinders. 
The lengths of the sections were 140, 20 and 
20 cm respectively in the direction of air 
flow. The first and third sections weregrounded 
and the second section was connected to an 
electrometer of the Compton type having a 
sensitivity of about 1,800 mm/volt. The 
outer electrode was 160 cm in length and 7.30 
cm internal diameter, connected to a variable 
voltage supply of dry batteries placed inside a 
shielded box. The cylindrical condenser was 
well shielded by a third tube of 10.5 cm in 
diameter. 

The air was drawn from a rectangular box 
of 240 litres volume, through a short tube of 
galvanised iron of 5.0 cm internal diameter, 
into the cylindrical condenser. The box has 
one of its sides (100 x 60 cm) of thin glass 
covered by a thick black paper. 

The upper part of the box was illuminated 
by a tungsten filament lamp of soo watts in a 
projector with glass lenses at a distance of 
100 cm from the box. Monochromatic light 
was obtained by using interference filters of 
Jena glass which can be attached to the pro- 
jector lenses allowing light of a certain wave 
length to fall on the upper part of the box. 

The experiments have been carried out in a 
dark room (9 metres from the ground level) 
in the Physics Department, Faculty of Science, 
Cairo University at Giza. 

The effective wave lengths and the corre- 
sponding frequencies are given in table 1. 


Table ı 

: Wave length rs 
Filter number 8 (v) x 101 
(max) cycles/sec. 

I 4,030 744 

2 4,340 690 

3 4,640 648 

4 5,120 585 

5 5,280 567 

6 5,670 528 

7 5,840 513 

8 6,010 498 

9 6,350 474 

10 6,610 453 


Method and mode of calculation 


The divided-electrode method due to ZELENY 
(1900) was used as it is one of the most 
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satisfactory methods of the blast type for the 
the mobility groups. 

To check the apparatus, some characteristics 
of large ions with mobilities below 10 x 107% 
were obtained, see fig. 1. In these characteristics 
the groups 6.90 x 1074, 2.22 x 107, 1.02 X Ion: 
and 0.60x10-4 appeared clearly, in good 
agreement with results previously obtained 
by one of the authors (ELNADI 1955). 

The study was made on these groups as 
follows: : 

The current in the electrometer was measured 
for each group while the box was completely 
dark, then it was subjected to monochromatic 
light from the projector and after a few minutes 
the current was again measured for each group. 
Finally the box was again dark and the current 
was measured. The interval of time between 
every set of observations was to assure that 
the effect was complete. 

This was done with the ten filters and 
repeated six times for positive ions and four 
times for negative ions. 

It is clear that the ratio (C,+C,)/C, = 1.15 
is less than the ratio k/k’, corresponding to 
two subsequent ion groups, as it must be, in 
order to assure a high resolving power. 

As the ion concentration (N) does not remain 
constant throughout the series of observations, 
the current was measured with a standard po- 
tential at short intervals, then every reading 
was corrected relative to the mean of these 
readings if they were within reasonable limits; 
otherwise the whole series was repeated. 

The mobility of ions was obtained from the 
formula: 


K=9/42V(C, +Cz) 


where 9 is the volume of air passing per second, 
V is the applied potential, C, is the capacity 
of the first section and Cy is that of the second 
section. 


The concentration of the ions was obtained 
from the formula: 


N=En(Ca+C3/Co) (Cy + Co)/pet 


where E,, is the increase of potential of the 
electrometer system in time £ for the applied 
voltage V, C3 is the capacity of the electro- 
meter and its connections and e is the elec- 
tronic charge. It is assumed that all ions carry 
a single charge. 
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Both expressions were derived by Hocc 
(1939). 


Results 


In the characteristics of large ions obtained 
with the apparatus, four peaks corresponding 
to four groups appeared clearly, namely: k, 
ranging from 6.2 to 6.9 x 1074, k, from 2.2 to 
2.4 X1074, kg from 0.95 to 1.03 x 107 and k, 
from 0.60 to 0.63 x 10-4. Two of these charac- 
teristics are shown in fig. 1 for both positive 
and negative ions. 


© 


ds dns Sum © Kirn Wis More 


L 2 

Kun? 

Fig. 1. Large ion characteristics for both positive and 
negative ions. 


A (—) ve ion 
© (+) ve ion 


Characteristics were then obtained using 
monochromatic light. The four groups ap- 
peared in the same position as in the case when 
the box was completely dark. Fig. 2 is an 
example for positive ions when using mono- 
chromatic light of wave length Amax =4,030 A. 


o 
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Fig. 2. Large ion characteristics for positive ions: 

a) Dark box: The air sample was drawn from the cove- 
red box. 

b) Box enlighted: The air sample was drawn from the 
box while it was exposed to monochromatic ligtht of 
wavelength 4030 A°. 

(+) ve ion 
x Dark box 
© Box irradiated with monochromatic light (4030 A) 


Tellus XII (1960), 3 


The number of ions N, and N, and also the 
ratio (N,/N,) for each group are given in 
table 2. 


Table 2 


fon concentration (+ ve) 


ot Box subjected Ratio 

At to light of | Dark box Ny/Na 
4,030 À 
N, ions/c.c. |N, ions/c.c. 
6.67 x 1074 1249 1034 I.21 
2.22 965 792 1722 
1.00 543 548 0.99 
0.61 323 340 0.95 
‘ ’ * ‘ L , DO ce cry “ e . “ LC] * ” ” ” ” 


Fig. 3. Large ion characteristics for negative ions: 


a) Dark box: The air sample was drawn from the cove- 
red box. 


b) Box enlighted: The air sample was drawn from the 
box while it was exposed to monochromatic light of 
wavelength 6610 A°. 

(—) ve ion 
x Dark box 
© Box irratiated with monochromatic light (6610 À) 


Fig. 3 is an example for negative ions when 
using monochromatic light of wave length Amax. 
= 6,610 À. The number of ions N, and N, 
and also the ratio (N,/N,) for each group are 
given in table 3. 


Table 3 


Ton concentration (— ve) 


Mobilit Box subjected Ratio 

Y | tolight of | Dark box | N,/N, 

6,610 A 
N, ions/c.c. N, ions/c.c. 

6.67 X 1074 1,146 1,051 1.09 
2.17 861 784 1.10 
1.00 448 471 0.95 
0.61 265 283 0.94 
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Table 4 
mins ronde ai prayers, oe mega sell see - Mi Me ger >77 See 
The ratio (N,/N;) 


Wave length 


A A kı ke Rz ka 


max 


4,030 1.220 1.215 1.194 
4,340 2.275 1.210 1.185 
4,640 1.210 1.208 1.185 
5,120 1.210 1.205 1.180 
5,280 1.200 1.200 1.180 
5,670 1.200 1.195 1.160 
5,840 106) 1740) 1.168 1.140 
6,010 1.130 7.127 1.130 
6,350 3212100) 1.108 1.110 
6,610 1.100 1.085 1.100 


1.188 0.970 0.968 0.955 0.955 
1.185 .966. .965 .950 .950 
1.180 .965 .960 .946 .945 
1.180 .960 .960 -940 -945 
1.175 .960 .956 .940 .940 
1.160 .970 .965 .950 .955 
1.136 .970 .960 -955 .955 
1.130 .980 .985 .960 .960 
1.110 .985 .985 .975 .965 
1.100 .990 .990 .980 .980 


It appears from the above results that there 
is a slight increase in the ion concentration in 
case of the group mobilities k, and k,, where- 
as a slight decrease in the ion concentration in 
case of the other two mobilities k, and k, can 
be observed. 


When this effect was tested several times 
for both positive and negative ions using the 
ten filters, the same conclusion was reached 
but in different ratios. In table 4a summary is 
given for the observations obtained during the 
period from October 1957 to July 1958. 


By analyzing these results statistically, the 
following deductions were obtained. 


a) The correlation test showed a very strong 
connection between the wave length A, or 
the frequency », and the ratio (N,/N:) for 
the first two groups k, and k,. This can be 
shown clearly from the graph relating the 
frequency » and the ratio (N,/N;) (fig. 4). 


400 


600 700 


410° 


Fig. 4. The relation between N,/N, and the frequency 
v of the incident light for the two mobilities k, and ky. 


800 


b) When applying the significance test on 
the ratios (N}/N,) obtained with 4,030 A 
and those obtained with 6,610 A, for the 
groups k, and kp, it appeared to be highly sig- 
nificant. Also the ratios (N,/N.) obtained with 
5,670A and those obtained with 6,610 A were 
highly significant. On the other hand the 
ratios (N,/N.) obtained with 4,030 A and 
those obtained with 5,670 A were not signif- 
icant. 


c) In case of the other two groups kg and ky, 
the correlation test showed a significant connec- 
tion between the wave length À, or the fre- 
quency », and the ratio (N,/N,). This is shown 
graphically in fig. 5 relating the frequency » 
and the ratio (N,/N,). 

d) The significance test showed, in case of 
the groups ks; and k,, that the ratios (N,/ Np) 
obtained with 4,030 A and those obtained 
with 5,280 A, and also the ratios obtained with 


N 
A 
= | 
1.00 —— ——— 
Se 
à. er a 
w N Nun ES 
x +% 
Li) Î ep een ÿ 
0.90 
400 500 600 700 800 


Yx10° 


Fig. 5. The relation between N,/N, and the frequency 
v of the incident light for the two mobilites k, and k,. 
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4,030 À and those obtained with 6,610 À, were 
not significant, while the ratios obtained with 
5,280 À and those obtained with 6,610 À were 
almost insignificant. 


The above discussions can be summarized in 
the following: 


1. There is a slight increase in the ion con- 
centration in the presence of monochromatic 
light in case of the group mobilities k, and kg. 
This increase is more Host within the range 
4,030—5,670 À (i.e. from violet to green), and 
it decreases gradually from 5,670 to 6,610A 
(i.e. from green to red). 


This increase in the ion concentration may 
be explained as due to an increase in the 
number of nuclei formed from the constituents 
of air (mainly oxygen and nitrogen) as a 
result of photo effect. 


2. There is a slight decrease in the ion con- 
centration in the presence of monochromatic 
light in case of the group mobilities k, and ky. 
This decrease is = in the range 4,030— 
5,840 À and is less clear in the range 6,010— 
6,610 À. 

This decrease in the ion concentration may 
be due to coagulation of particles as a result 
of chance collisions between the nuclei, which 
leads to an increase in their size and hence a 
decrease in their concentration. 

3. In general the increase in the ion con- 
centration in case of the groups k, and k, is 
small, and also the decrease in the ion concen- 
tration in case of the groups k, and k, is very 
small, as the transmitted light from the inter- 
ference filters was < 57 %. 

4. The ratios (N,/N.) obtained in case of 
positive ions were approximately the same as 
those obtained in case of negative ions but 
sometimes they are slightly higher. 
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Abstract 


In both places the monitors were of the standard pattern with 12 proportional counters filled 
with 97 per cent enriched B1°F,. The first and second harmonics of the mean daily variation 
have been determined both for yearly periods and for each sun rotation period. Vector sum 
diagrams for the first harmonics in the latter case are given covering the intervals 31 Aug. 1956 
to 15 Aug. 1959 for Uppsala and 13 Sept. 1957 to 29 April 1959 for Murchison Bay. In some 
instances a considerable phase shift has taken place from one sequence of sun rotation periods to 
another. These phase shifts were not contemporary at the two stations. The first harmonic of 
the 12-month means displays a high degree of constancy with only a small secular phase shift. 
The amplitudes of the second harmonics are very small. Conditions are especially favourable 
concerning the deviation in the earth’s magnetic field of the particles registered by the Murchison 
Bay monitor. Accordingly it has been possible to determine the direction of the anisotropy with 
a fairly good accuracy. The Murchison Bay records do not show any prominent phase shift 
with the K, index. Concerning Uppsala, days with [K plmax £ it have a later time of maximum 
than other days. The influence of single days with an abnormal daily variation is discussed. 


Introduction 


When plans were made for a Swedish arctic 
station during the IGY it was deemed essential 
to include a neutron pile monitor among the 
equipment for cosmic ray studies. The plans 
were realized through the Swedish-Finnish- 
Swiss IGY-expedition 1957—58 to Murchison 
Bay (Litjequist 1959). The site of the arctic 
station is on the island Nordaustlandet of the 
Svalbard (Spitzbergen) archipelago. Its geo- 
graphic coordinates are 80° 03° N and 18° 18’ E. 
It is nearly on the same meridian as the cosmic 
ray station at Uppsala (59°55’N and 17°55’). 

The continuous records from the Murchison 
Bay monitor start with Aug. 27, 1957. After 
the end of the Swedish-Finnish-Swiss IGY 
expedition the base was maintained for another 
year. However, owing to very adverse ice- 


conditions at the end of the 1958 summer 
it became impossible to refurnish the base with 
an adequate supply of diesel oil for the gener- 
ators. As a consequence the continuous run- 
ning of the latter had to end with April 1950. 
The first year’s results from the Uppsala 
monitor have already been published (Sanp- 
STROM and LINDGREN 1959). 


Experimental details 


Both monitors are of the type (Simpson, 
FONGER and TREIMAN 1953) recommended as 
the international standard instrument for the 
geophysical year. The few details in which 
the monitors differ from those of Simpson et 
al. were described in a previous paper (SAND- 
STROM and LINDGREN 1959). The monitor for 
the arctic station was designed in such a way 


Tellus XII (1960), 3 


DAILY VARIATION OF COSMIC RAY NUCLEONIC COMPONENT 


as to make it possible to assemble the monitor 
for tests in the laboratory at Uppsala and then 
remove it in pieces to be reerected at Mur- 
chison Bay with the least possible trouble. 

Although the site of the arctic station was in 
a region believed to be comparatively free 
from heavy snow falls, an iron scaffold was 
constructed to carry the monitor at a level 
well above the height of any snow drifts 
which might possibly collect along the walls 
of the C.R. building. The top of the scaffold 
consisted of a frame of beams supporting a 
thick wooden floor. The monitor itself stood 
on this floor. The roof of the building was 
given a shape expected to favour the snow 
being blown away by the prevailing winds. 
The scheme turned out very well. During 
the first year of recording the amount of snow 
staying on the roof never exceeded some few 
grams per cm?. The mass of the heat insulated 
roof itself is less than ro g/cm?. Twice during 
the second year snow had to be removed from 
the roof. 

The electronics of the Murchison Bay 
monitor is a true replica of that at Uppsala 
(SANDSTRÖM and LINDGREN 1959). The power 
was supplied by two diesel-engined generators, 
one of them always being kept ready to 
take over the load in an emergency. 

As the research station at Murchison Bay 
included a very complete meteorological ser- 
vice and the pressure was registered in an 
adjacent building it was deemed quite un- 
necessary to equip the monitor with an in- 
strument for independent barometric measure- 
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Fig. 1. Monthly means of the 24-hr values of the nucleon 
component in Uppsala and Murchison Bay. Full lines: 
days with [K,] < 3+. Dotted lines: all available days. 
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ments. The general cosmic ray equipment 
includes an auxiliary recording instrument 
(SANDSTRÖM and LINDGREN 1959). From these 
auxiliary records the counting rates can be 
derived for periods of any length from half a 
minute to one hour. 

The monitors were calibrated by means of 
RaBe neutron sources of ı mc. Calibrations 
were made whenever a readjustment of ampli- 
fiers or discriminators took place as well as 
after repairs or at any suspicion of a change 
of counting rate. No regular time schedule was 
followed as it was our aim to disturb the 
continuous performance of the monitors as 
little as possible. The two monitor sections 
were always calibrated separately. By limiting 
each calibration run to 25 minutes the whole 
calibration could be completed within one 
hour. This was necessary with regard for the 
continuity of the records as one section could 
not be calibrated without affecting the counting 
rate of the other. Likewise the neutron source 
affected the counting rate of the counter te- 
lescopes in the vicinity of the monitors. 

With cadmium covers on the proportional 
counters the counting rate of the Uppsala 
monitor was 4 per cent of the normal counting 
rate with the cadmium tubes removed, while 
that of the Murchison Bay monitor was onl 
2.5 per cent. In both cases it was constant all 
along the plateau of the counters. 

During Sept. 1957 the average counting rate 
of the Murchison Bay monitor was 420 c/min., 
while that of the Uppsala monitor was as low 
as 400 c/min. The Murchison Bay records 
cover the period of minimum intensity of the 
nucleonic component (Fig. 1) as well as what 
appears to be the start of a slow increase. The 
monthly averages appear to follow one 
another comparatively closely regardless of 
whether all days are included or only those 
with K, indices less than 3+. 

In the records from Murchison Bay 17 days 
are affected by breaks of such an extent as tc 
make them unsuitable for harmonic analysis. 
For the same reasons 29 days have to be 
excluded from the Uppsala records between 
ı Sept. 1957 and 31 Aug. 1959. For both 
monitors there are instances in which days 
could be saved for the harmonic analysis by 
interpolating values for single hours or, in a 
few cases, two consecutive hours. In no case 
single events or abrupt intensity changes are 
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known to have taken place during the interval 
for which such an interpolation was performed. 

All data have been referred to intervals of 2 
hours. They have been reduced to an atmos- 
pheric pressure of 1,010 mb (the yearly 
average for Uppsala is 1,008 mb and that 
for Murchison Bay 1,012 mb). The pressure 
coefficient = 0.737 per cent/mb has been 
adopted for both the monitors (SANDSTRÖM 
1958, SANDSTROM and LINDGREN 1959). 


The daily variation 


The yearly mean daily variations of the 
nucleonic component as recorded in Murchison 
Bay and Uppsala during the period 1 Sept. 
1957 to 31 Aug. 1958 are shown in Fig. 2. 
The statistical variations are also plotted for 
each 2-hour interval. The figure displays how 
the points of measurement are distributed 
relative to the first and second harmonics. A 
corresponding diagram for the records from 
the Uppsala monitor from 1 Sept. 1956 to 31 
Aug. 1957 has been published in a previous 
paper. A comparison does not display any 
differences in either phase or amplitude 
between the two yearly means as recorded 
by the Uppsala monitor. The points of meas- 
urement constitute a time series. Therefore, 
it is difficult to calculate the standard error for 
the amplitude as well as for the phase. In 
previous papers (SANDSTROM 1955, SANDSTROM 
and LINDGREN 1959), this difficulty was sur- 
mounted by exchanging the standard error for 
another limit of error. The latter was based 
on the assumption that the error in the differ- 
ences between the daily mean and the number 
of pulses during each 2-hr period was twice 
the standard deviation of each point of meas- 
urement (SANDSTROM 1955). The error deter- 
mined in this way will give a confidence of 
90—99 per cent. It meets the purpose well 
when high confidence is desirable. However, 
comparisons become difficult with other papers, 
where, usually, limits of error are based only 
on the Poisson distribution of pulses. In the 
present paper we have therefore returned to 
this method of defining the accuracy. 

At the same time it appears to us essential to 
determine the limits of error so as to correspond 
to real facts. This can be done by calculating 
the standard error from the residuals of the 
points of measurement after fitting the first 
harmonic, resp. the sum of the first and 
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Uppsala 


Murchison Bay 


Fig. 2. First and second harmonics of the mean daily 
variation for 1 Sep. 1957 to 31 Aug. 1958 at Murchison 
Bay and Uppsala. The statistical fluctuations are indicated. 


second harmonics. The deduction of the for- 
mulas for this error will be given elsewhere 
(DYRING and Rosen 1960). In some of the 
clock diagrams we have indicated this limit of 
error by dotted circles. It is our opinion that 
this kind of error should be employed for the 
calculation of significances rather than that 
deduced solely from an assumed Poisson dis- 
tribution of pulses. The standard deviation 
of the points of measurement from the 
resulting curve will evidently include all 
statistical fluctuations. There is no constant 
relation between the two kinds of errors. That 
including all statistical fluctuations is usually 
bigger than that covering only the Poisson 
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distribution. Concerning the additional varia- 
tions we wish to remark that one of us (Dy- 
RING 1960) has found that the statistical fluctua- 
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tions calculated according to Poisson’s law have 
to be multiplied by a factor of 1.2 to cover the 
actual hour by hour fluctuations. 


The amplitude of the first harmonic is evi- 
dently smaller at the latitude of Murchison Bay 
than at the latitude of Uppsala. This is displayed 
also by the clock diagrams in Figs. 3 and 4. 
The phase difference is 45 minutes in both 
cases. A small phase shift is indicated by the 
records from the Uppsala monitor during 
three consecutive years (Fig. 5). The small 
amplitude at Murchison Bay causes an error 
in the time of maximum approximately twice 
as big as that affecting the time of maximum at 
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Fig. 3. First and second harmonics of the nucleon compo- 
nent 1 Sep. 1957 to 31 Aug. 1958. MB: Murchison Bay, 
U: Uppsala. Full circles: standard error from Poisson on 
distribution. Dotted circles: standard error calculated from 


residuals after fitting first and second harmonics. 
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Fig. 4. First harmonics for the mean daily variation of the 

nucleonic component 26 Aug. 1957 to 30 Apr. 1959, 

MB: Murchison Bay, U: Uppsala. Full circles: standard 

error from Poisson distribution. Dotted circles: standard 

error calculated from residuals after fitting first and 
second harmonics. 
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Fig. 5. Vector sum diagrams for the first and second har- 
monics of the nucleon component at Uppsala. 
a: I Sep. 1956—31 Aug. 1957; b: 1 Sep. 1957—31 Aug. 
1958; c: 1 Sep. 1958—31 Aug. 1959. 


Uppsala. Concerning the phase difference 
between Uppsala and Murchison Bay it un- 
doubtedly exists even with due regard for the 
wider limits of error deduced from the 
standard deviations of the points of measure- 
ment from the first harmonic (Fig. 3 and 4). 
Turning to the vector sum diagram of the 
yearly means from Uppsala (Fig. 5) we note 
that a small but persistent phase shift is indi- 
cated during three consecutive 12-monthly 
periods. It ought to be remarked, however, 
that there appears to be a phase difference 
of 45 minutes between the two calendar years 
1957 and 1958 (Table 1). This difference is far 
outside any limits of error. The reason for 
such a shift depending on the starting point 
for the twelve-monthly periods is more easily 
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Fig. 6. Vector sum diagrams for the 27-day periods. The 
Murchison Bay vectors are twice the scale of those for 
Uppsala. The numbers denote sun rotation periods 
covering the following dates: 1690: 17 Dec. 1956—12 
Jan. 1957; 1695: ı May 1957—27 May 1957; 1700: 13 
Sep. 1957—9 Oct. 1957; 1705: 26 Jan. 1958—21 Feb. 
1958; 1710: 10 Jun. 1958—6 Jul. 1958; 1715: 23 Oct. 
1958—18 Nov. 1958; 1720: 7 March 1959—2 Apr. 1959; 
1725: 20 Jul. 1959—15 Aug. 1959. 


understood after studying the vector sum 
diagrams in Fig. 6. These diagrams represent 
the phase and amplitude of the first harmonic 
of the mean daily variation for separate sun 
rotation periods. Naturally, the influence from 
the statistical fluctuations will be considerable 
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although very few days had to be excluded. 
Although such an exclusion of a couple of 
days from a 27-day period usually does not 
affect the mean values of either the phase or 
the amplitude there are instances, especially 
during periods with a small amplitude, when a 
considerable change is caused by excluding 
only one single day (SANDSTROM and LINDGREN 
1959). Therefore, the means for the sun rota- 
tion periods have been.calculated using exactly 
the same days for both stations. In general 
the Murchison Bay records display a small 
amplitude. Consequently the random fluctua- 
tions will tend to mask most of the phase 
variations. For both stations it can be said 
that in most instances where there is a con- 
siderable variation in phase the amplitude is 
small and consequently the whole phase change 
can be regarded as due to a random distribution 
around a mean. In other instances the more or 
less persistent trend of the phase indicates varia- 
tions which apparently are real. 

The vector sum diagram for Murchison Bay 
displays a couple of very marked phase shifts. 
Starting with August and through October 
1958 the phase differed definitely from that 
before as well as after this period. It appears 


or 
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Fig. 7. Phase shifts of the first harmonic of the nucleon 
component registered at Murchison Bay. Full circles: 
standard error from Poisson distribution. Dotted circles: 
standard error calculated from residuals after fitting first 
and second harmonics. 
À: 10 Oct. 1957—2 Aug. 1958; B: 3 Aug. 1958—18 Nov. 
1958; C: 19 Nov. 1958—29 Apr. 1959. 
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Table 1. First and second harmonics of the mean daily variation. 
The standard error of the amplitude calculated from the Poisson distribution of primary 
values ranges from 0.006 to 0.010. Calculated from residuals after fitting first harmonic it 
ranges from 0.008 to 0.020. Calculated from residuals after fitting first + second harmonics 
it ranges from 0.006 to 0.017 (Detailed tables complete with limits of error are distributed 


on application). 


SS es DR nennen ee eee 


First harmonic Second harmonic 


Station : Amplitude Amplitude 
Int.number Period Per cent Phase Pek cent Phase 
of daily GMT of daily GMT 


mean mean 


a eee eee 


I Sept. 1956—31 Aug. 1957 
Calendar year 1957 
1 Sept. 1957—31 Aug. 1958 


Uppsala Calendar year 1958 
B oo3 1 May 1958—30 Apr. 1959 
I Sept. 1958—31 Aug. 1959 
26 Aug. 1957—30 Apr. 1959 
1 Sept. 1956—3I Aug. 1959 
ne Mod 1 Sept. 1957—31 Aug. 1958 
Bay Calendar year 1958 
ven 1 May 1958—30 Apr. 1959 


26 Aug. 1959—20 Apr. 1959 


iscale div = 0.1 per cent 


Fig. 8. Phase shifts of the first harmonic of the nucleon 

component registered at Uppsala. Full circles: standard 

error from Poisson distribution. Dotted circles: standard 

error calculated from residuals after fitting first and second 
harmonics. 


A: 31 Aug. 1956—7 March 1957; B: 8 March 1957— 
20 Jul. 1957; C: 21 Jul. 1957—3 March 1958. 
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0.322 12 55 0 028 05 43 
0.333 12 44 0.040 0533 
0.306 12057 0.014 07 24 
0.219 13 29 0.009 09 54 
0.217 130529 0.030 08 42 
0.222 ieee 0.036 09 02 
0.263 13 15 0.020 070037) 
0.283 732003 0.018 070833 
0.147 13 40 0.020 09 56 
0.131 14 31 0.019 OI 25 
0.131 14 14 0.027 03 46 
0.139 I4 06 0.008 04 22 


also as if a phase shift had taken place shortly 
after the start of recording. However, the 
discussion will be confined to the other two 
instances when a phase shift appears to have 
taken place. Accordingly we calculate the 
means for the periods 10 Oct. 1957—2 Aug. 
1958; 3 Aug.—18 Nov. 1958, and 19 Nov. 
1958—29 April 1959. The result is illustrated 
by the clock diagram in Fig. 7. With due 
regard for standard errors it is evident from 
this diagram that the phase is the same during 
the first and third periods. Combining these 
two periods we find a time of maximum in- 
tensity of 1328 GMT + 17 min. For the period 
3 Aug.—18 Nov. 1958 the time of maximum 
was 1723 GMT + 31 min. From Fig. 7 it 
is apparent that the phase shift is real. The 
phase shift is 56° + 22°. It is clearly indicated 
still if we demand a confidence of 95 per cent. 

It is possible that the phase shift of the mean 
daily variation in Uppsala for the two calendar 
years as compared to the three twelve-monthly 
periods is due, also, to short periods of a 
differing phase (Table 1). A study of the 
details of the vector sum diagram for this 
station (Fig. 6) reveals the existence of such 
periods although they are less conspicuous 
than in the Murchison Bay records. The clock 
diagram in Fig. 8 illustrates the mean daily 
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variation during the three periods 31 Aug. 
1956—7 March 1957; 8 March—20 July 1957, 
and 21 July 1957—3 March 1958. This case 
exhibits a striking resemblance to that illus- 
trated in Fig. 7. It is evident that during the 
middle period the phase differed from that 
during the two adjacent periods. A phase 
difference between the two latter is also indi- 
cated, the time of maximum being 1327 
GMT +8 min. for the first one and 1305 
GMT + 8 min. for the third period. During 
the intervening time, 8 March—20 July 1957, 
the time of maximum was 1117 GMT +16 
min. This period with an early maximum falls 
inside the calendar year 1957. In the following 
year there does not exist any prolonged period 
with such a comparatively early maximum 
(during the sun rotation period no. 1711 the 
mean time of maximum was 1030 GMT). 
If the period 8 March—20 July is excluded 
from the 1957 records the mean time of maxi- 
mum will be practically the same as that 
during 1958. 

The two vector sum diagrams (Fig. 6) reveal 
also that the variations of the amplitudes in 
the two places are not well correlated. This is 
especially true for the last quarter of 1957 and 
the first quarter of 1958. 

The amplitude of the second harmonic is 
very small. It is of the same order of magnitude 
in Uppsala and Murchison Bay (Fig. 3). Both 
phase and amplitude are severely affected by 
the exclusion of only a few days. Further, as 
was shown by the first year’s records from the 
Uppsala monitor, periods exist which have a 
prominent second harmonic while the ampli- 
tude of the first harmonic is of the same order 
of magnitude or even less (SANDSTROM and 
LINDGREN 1959). 

The three consecutive 12-monthly periods 
combined with the calendar years 1957 and 
1958 from the Uppsala monitor provide 
running means for a study of the second har- 
monic (Table 2). The vector sum diagram 


Table 2. 
Murchison 
Uppsala Bay 
Geomagn. lat...... 58° 36’ 75° 30° 
Geomagn. long. ....| 107° 137° 30° 
Dip Ark 72° 30° 822301 
Déclmation sure nor 0°30/E 1.00B 
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for the three 12-monthly periods is to be 
found in Fig. s. This diagram as well as the 
figures in Table ı strengthen the picture of a 
considerable variation both in phase and ampli- 
tude. If we consider only the Poisson distribu- 
tion of the number of pulses during the 2-hr 
intervals the existence of the second harmonic 
does not seem to be in doubt. If the standard 
errors are calculated from residuals of the 
points of measurement after fitting first plus 
second harmonics the second harmonic appears 


doubtful (Fig. 3). 


The longitude correction 


Terrella experiments (MALMFORS 1945, BRUN- 
BERG 1953, BRUNBERG and DATTNER 1953) made 
it possible to calculate the asymptotic directions 
of primaries for various rigidities and directions 
of registration (BRUNBERG 1956). The knowl- 
edge thus gathered can be utilized to deter- 
mine the true direction of the anisotropy re- 
sponsible for the daily variation (BRUNBERG 
and DATTNER 1959). However, several ob- 
stacles have to be overcome before it becomes 
possible to determine the correction for the 
deviation of the primaries in the geomagnetic 
field with a precision corresponding to that of 
present day C.R. registrations (DORMAN 1957). 
Three factors are involved: the rigidity spec- 
trum of the primaries, the solid angle ofaccept- 
ance of the detector, and the shape of the 
geomagnetic field. The multiplicity of the 
nucleon production is a function of the rigidity. 
It is thus a part of the first one of the three 
factors listed. The effective rigidity to be 
ascribed to the primaries of the nucleonic 
component at the geomagnetic latitude of 
Uppsala has been discussed elsewhere (SAND- 
STRÔM and LINDGREN 1959). Concerning Mur- 
chison Bay especially favourable conditions 
govern the angular correction in the east-west 
plane for particles observed by the monitor 
in the zenith direction. At this latitude second- 
aries accepted by the monitor at zenith angles 
up to 48° originate from primaries having 
asymptotic directions inside a comparatively 
narrow cone (ÄsSTRÖM 1956; compare also 
Fig. 32 in BRUNBERG 1956). Under these condi- 
tions we have found it permissible to regard 
the Murchison Bay monitor as observing 
predominantly in the zenith direction. 

The longitude correction y and the latitude 
correction & for the zenith direction and 
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Fig. 9. Longitude and latitude corrections for the zenith 
directions in Uppsala (U) and Murchison Bay (MB). The 
rigidities are indicated in the figure. The unit is Io? eV/c. 


varying rigidities have been plotted in a dia- 
gram (Fig. 9) according to BRUNBERG (1956). 
The values have been recalculated to the 
geographic lat. 80° (Murchison Bay), Brun- 
berg’s original Svalbard values being calculated 
for geographic lat. 78° (Longyearbyen). In 
high latitudes a couple of degrees make quite a 
marked difference. For rigidities below 10 
GeV/c the values have been calculated from 
the measurements by Matmrors (1945). 

The corresponding curve for the zenith 
direction in Uppsala has been entered into 
the same figure. The conditions are not as 
favourable in this case as in the former one. 
Nevertheless, as has been pointed out by 
Äsrröm (1956) the spherical representations by 
BRUNBERG (1956) of y and ¢ reveal a certain 
focussing effect even for latitudes down to 
so°. However, the cones limiting the asymp- 
totic directions will not have as small a solid 
angle as in the case of the Murchison Bay 
monitor. 

What concerns us most is the longitude 
correction ymp. Fig. 9 reveals that for rigidi- 
ties below 40 GeV/c this correction does not 
vary very much with the rigidity. Most of the 
primaries responsible for the nucleonic com- 
ponent will have rigidities below 10 GeV/c. 
Accordingly it appears to be realistic to put 


Tellus XII (1960), 3 


339 
yop = 72° + 5° (1) 


The most remarkable fact is that even a 
considerable change in spectral distribution 
will leave this value unaffected. On the 
contrary, for Uppsala, the longitude correction 
will vary strongly with the spectral distribution 
of the primaries. 

The longitude correction was discussed con- 
cerning the first year’s records from the Upp- 
sala monitor (SANDSTROM and LINDGREN 1959). 
This discussion led to 


Yu =71 415° (2) 


It is very tempting to try to find a value 
with smaller limits of error by comparing 
the curves in Fig. 9. Such a comparison 
would have to be based on the assumption 
that above the knee of the latitude effect the 
rigidity spectrum does not vary with the 
latitude. Naturally, it has also to be assumed 
that the direction of the anisotropy is the same 
regardless of the fact that the Uppsala monitor 
mainly registers primaries entering the earth’s 
magnetic field parallel or nearly parallel to 
the equatorial plane while the Murchison Bay 
monitor registers primaries entering the field 
in directions 45° to 70° from this plane. 

The values in Table 1 show that the phase 
difference between the two stations varies 
with the starting point of the 12-monthly 
periods. On the average it is 12°+5°. The 
limits of error are difficult to determine in 
this case. The variations between the three 
12-monthly periods are covered by-+3°. The 
standard errors calculated from the residuals 
after fitting the first plus second harmonics 
yield +5°. The values all refer to 12-monthly 
means. Such abnormal phase shifts as those 
illustrated by Figs. 8 and 9 are not considered. 
The correction for Uppsala calculated from 
ymB and the phase difference between the 
two stations would then be 


pu = 84° + 10° (3) 


Accordingly the curves in Fig. 9 indicate 
that the “effective” rigidity has to fall between 
3 and 5 GeV/c to correspond to the same 
original direction of the anisotropy in both 
cases. This is reasonable, considering what 
is known of the rigidity spectrum of the pri- 
maries gencrating the nucleonic component. 
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Recent studies of the latitude effect have 
shown that the actual magnetic field configu- 
ration near the surface of the earth has a certain 
influence on the geomagnetic cut off of C.R. 
(ROTHWELL 1958, SANDSTROM 1958, POME- 
RANTZ, SANDSTROM, POTNIS, and ROSE 1959). 
It has not been proved that there exists a 
corresponding effect on the trajectories of 
the primaries. Most of the length of each 
trajectory will certainly fall in a region where 
the geomagnetic field is regular and free from 
anomalies. In Murchison Bay as well as in 
Uppsala the magnetic meridian plane nearly 
coincides with the geographic meridian. Dip 
and geomagnetic coordinates are listed in 


Table 2. 


The direction of the anisotropy 


The direction of the observed anisotropy is 
most conveniently defined through the angle « 
it makes with the radius vector from the sun. 
For this angle we have 


a=À+T+y (3) 


Here À represents the geographic longitude 
(Table 3). t is the difference, in angular meas- 
ure, between the time of maximum and 
noon. Le T=15$° (tmax— 12). The» values: of + 
for the periods under discussion are listed in 
Table 3. The value of the longitude correction 
y for Murchison Bay is that given by eq. 
(1). For Uppsala « has been calculated both 
with a longitude correction according to eq. 
(2), viz. deduced independently of any com- 
parisons with Murchison Bay, as well as with 
that according to eq. (3). The results covering 
the period of recording at Murchison Bay 
are listed in the last three columns of Table 3, 
where ay refers to Uppsala and amp to Mur- 
chison Bay. Naturally, the way of deducing 
the longitude correction represented by eq. 


ARNE ELD SANDSTROM, ERIC DYRING AND STIG LINDGREN 


(3) results in nearly coinciding pairs of values 
in the two last columns of the table. Neverthe- 
less, the direction of the anisotropy as recorded 
by the Uppsala monitor will still be inside the 
limits of error asigned to the longitude correc- 
tion according to eq. (2). 

In the discussion concerning the vector sum 
diagrams in Fig. 6 and the clock diagrams in 
Figs. 7 and 8 it was remarked that the yearly 
mean of the daily. variation might vary 
slightly with the starting points of the twelve- 
monthly periods. This is apparent from the 
values in Table 3 also. As long as we do not 
know the reason for the non-periodical phase 
shifts causing these variations we are not able 
to eliminate them. Influences from short period 
variations are probably eliminated to a large 
extent in every yearly mean (compare final 
section). Therefore, it should be emphasized 
that the present discussion on the direction of 
the anisotropy is concerned only with 12- 
monthly averages. 

A simple way of studying the directions of 
C.R. anisotropies is to resolve the correspond- 
ing vector into components along two axes, 
one along the radius vector from the sun and 
one along a tangent to the orbit of the earth 
(SANDSTROM 1956). Concerning the records 
from Murchison Bay there is no doubt about 
the existence of the component along the 
radius vector. It is directed towards the sun. 
Exactly the same can be said of the Uppsala 
records if the longitude correction according 
to eq. (3) is used. A radial component towards 
the sun is still present when the longitude 
correction is that given by eq. (2). 


The daily variation as a function of the 
K, index 


Concerning the meson component there 
exists comparatively strong evidence that the 


Table 3. 
u 
Period Chor TuB &MB 
nz | y = 84° 
1 Sept. 1957—31 Aug. 1958... 14 +5 5.0° +5° 103° + 20° 116°415° 115. 10° 
Calendar years 1O5 Sr er | 22.3 45° 27708 111°+20° 124° +15° 128° + 10° 
1 May 1958—30 Apr. 1959.. | 22,3° 45° 33.5°45° | 122? 20% || Yi2q? aus | 124° + 10° 
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phase of the daily variation depends on the 
prevailing geomagnetic conditions (SEKIDO 
and KODAMA 1952, SANDSTROM 1955). For a 
similar treatment of the present data on the 
nucleonic component the days were divided 
into five classes determined by the maximum 
K, index of each day (SANDSTROM 1955). 
These classes are 


I: [Kp]max $17 
rites: 
32 < 


Ces 
IV eso IK. a7 
NEC oS D 


For the sake of comparison between Uppsala 
and Murchison Bay one of the periods was 
selected so as to include the whole set of neutron 
monitor records from the latter place. As the 
records from Uppsala show good agreement 
in phase as well as in amplitude for the three 
12-month periods illustrated by the vector sum 
diagram in Fig. 5 it was considered appropriate 
to combine these three periods into one. 

A study of this kind has already been 
published concerning the first year of the 
Uppsala records (SANDSTROM and LINDGREN 
1959). As regards the days employed in the 
comparison between Uppsala and Murchison 
Bay those belonging to class I are exactly the 
same in both cases. In classes II and III the 
number of days is so big as to make the 
few cases of odd days completely insignificant. 
Concerning class IV the available number of 
days is anyhow so low as to necessitate the 
employment of as many days as possible for 
the sake of the statistical fluctuations. More- 
over, variations correlated with the geomagne- 
tic conditions might be responsible for some 
of the day to day phase shifts which undoubt- 
edly exist. From this point of view it appears 
desirable to accumulate as many days as 
possible for each K, index class. If the number 
of days in one group is as large as 60 the 
removal of a few days does not affect either 
amplitude or phase in a serious way (SAND- 
STROM and LINDGREN 1959). - 

Concerning the most disturbed days (class 
V) we encounter another problem. These 
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days are usually those on which a prominent 
Forbush decrease occurred. An ordinary linear 
trend correction is then often inadequate for 
the separation of the true daily variation from 
the singular event (SANDSTROM and LINDGREN 
1959). Therefore, no vector corresponding to 
class V has been included in the clock diagrams 
of Figs. 10 and 11. However, in the Uppsala 
records there is a sufficient number of days 
available during which C.R. conditions were 
undisturbed despite the very high K, in- 
dices. These days have been plored for a 
special study illustrated in Fig. 12. 
Concerning Murchison Bay (Fig. 10) the 
vectors for all four classes of days fall together 
inside the limits of error. Also the contem- 
porary Uppsala records display small varia- 
tions, the class I days excepted. Despite the 


Murchison Bay 0 


Uppsala on 


Fig. 10. The mean first harmonics for days divided into 

classes according to their maximum K, index. Period: 

26 Aug. 1957 to 30 Apr. 1959. The Roman numbers mark 

the grouping of days according to the classification on 
p- 341. 


342 


12" 


1scale div.=0.1per cent 
Fig. 11. The mean first harmonics at Uppsala for days 
divided into classes according to their maximum K, 


index. Period of 36 months: 1 Sep. 1956 to 31 Aug. 1959. 
The Roman numbers mark the grouping of days according 
to the classification on p. 341. 


small number of days the limits of error are 
sufficiently narrow to prove the reality of the 
phase shift for quiet days (class I). Likewise 
there is little doubt that on class IV days the 
maximum tends to appear earlier than on the 
days of classes II and III. Space forbids the 
introduction into Figs. 10 and 11 of the standard 
errors based on the residuals of the experimen- 
tal points after fitting the first plus second 
harmonics. 

During the period 31 Aug. 1956—31 Aug. 
1957 the phase of the class I days in Uppsala 
was the same as that of classes II and III. The 
introduction of accurately calculated limits 
of error does not change this aspect. The phase 
shift for the class I days from this period to 
the following 12-month period is more than 
twice the standard errors calculated from the 
Poisson distribution. From this point of view 
it is perhaps not suitable to found an analysis 
on as long a period as 36 months. But, this 
special shift excepted, the changes from one 
year to another are small. A period over several 
years will present, through better statistics, a 
more accurate determination of the phase 
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shifts between the other classes of days. From 
Fig. 11 can be seen that the class IV days 
certainly have an earlier mean time of maxi- 
mum than days with [K,lmax = st. In all 
the three clock diagrams (Figs. 10 and 11) 
the phase appears to be nearly the same for 
classes II and III. 

The long period of 36 months has also 
yielded a sufficient number of days with 7* < 
<[K,]max = 9° for the study illustrated in Fig. 
12. In this case we have found it important to 
calculate also the limits of error from the 
residuals after fitting the first and second har- 
monics. They are illustrated by dotted circles 
in Fig. 12. During the whole period 11 days 
of class V were found which did not have any 
single event disturbing the normal variation. 
The 2-hr values for each single day can be 
read from the curves in columns 1, 2, and 4 
in the upper part of Fig. 12. To these 11 days 
can be added six days with small Forbush 
decreases or parts of such decreases (curves in 
column 3, Fig. 12). The corresponding vectors 
are to be found in the clock diagram in the 
lower part of the same figure. In the first case 
the phase is nearly the same as for the class IV 
days in Fig. 11. In the second case it lags 22° 
behind (1.5 hrs). The amplitude has also 
increased. If all available days of class V are 
employed the phase lag increases to 27° and 
the mean nr. becomes twice that of 
the group of 11 days first considered. As the 
added days are such with prominent Forbush 
decreases it is evidently the decreases and not a 
change in the normal daily variation which 
produce the big amplitude. 

The change in phase is not as easily brought 
back to the same source. Nevertheless, days 
with [Kylmax > 7* but undisturbed by actual 
decreases (11d vector in Fig. 12) have nearly 
the same phase and amplitude as those belong- 
ing to class IV. 

The variation of the amplitude with [K,]max 
differs from that observed for the meson com- 
ponent (SANDSTRÖM 1955). At present the nu- 
cleon component has its biggest amplitude on 
days with [K,]max s 1*. It decreases with in- 
creasing [Ky|max until [| K,]max=s*. After that 
it appears to increase slightly (class IV). The 
same picture is offered by all the three clock 
diagrams (Figs. 10 and 11). 

From the small spread of the vectors for the 
nucleonic component at Murchison Bay it 
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follows that the direction of the anisotropy 
outside the earth’s magnetic field depends only 
slightly on the disturbances causing the varia- 
tions of the K, index. The same can be said 
about the Uppsala values, days with [.K,]max = 
< 1+ excepted. Concerning the latter the Upp- 
sala records (Fig. 11) indicate a late time of 
maximum. Correcting for the deviation of 
the primaries by the earth’s magnetic field we 
find the direction of the anisotropy to be 
174° + 20° to the evening side for yy = 71° 
(eq. 2) and 187°+ 15° for pu= 84° (eq. 3). 
A comparison with the contemporary meas- 
urements from Murchison Bay makes both 
these values look meaningless. Resolving the 
anisotropy into radial and tangential compo- 
nents we find that at the latitude of Uppsala 
the latter would be either non-existent or 
smaller than that at Murchison Bay. If the 
correction according to eq. 3 is accepted it 
would even be possible that it had the opposite 
direction. At the same time the radial com- 
ponent would have a very much bigger 
amplitude at Uppsala than at Murchison Bay. 
Even considering the very wide limits of 
error of the longitude correction this seems 
contradictory. 

If instead, the first year of the Uppsala 
records (SANDSTROM and LINDGREN 1959) is 
studied, the picture will be different. The same is 
to some extent true also of the whole 36-month 
period. In the first case the vector for the class 
I days has almost the same direction as that 
for the period unresolved according to the 
K, index. In the second case the angles of 
direction will be 139° + 20° for py = 71° and 
152°+ 15° for pu= 84°. This appears at least 
more reasonable. But the erratic phase shifts 
still call for a special study. 

During the period 26 Aug. 1957 to 30 Apr. 
1959 the records contain only 12 days belonging 
to class I. The very big amplitude of the first 
harmonic at Uppsala indicates that it might 
be possible to study the daily variation on 
ae days. The vector sum diagrams in Fig. 13 


max = qu 
The vector marked 11 days represents the days illustrated 
by the curves in columns 1, 2, and 4. The vector marked 
17 days shows phase and amplitude when those days are 
added which are illustrated by the curves in column 3. The 
third vector (35 days) represents the mean of all available 
days with er The curves in the upper part 


show the variation in relative intensity for each day. 


Fig. 12. Mean daily variation for days with [K,] 
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Murchison Bay Uppsala 20 


Y scale div = 0.5 per cent 


Fig. 13. Vector sum diagrams for the first harmonics of 


single days with [Ke £1t. From the origin the 


vectors represent 23 and 28 Dec. 1957, 24 May, 13 Sep., 
12 Oct., 5, 6, and 30 Nov., I Dec. 1958, 1 and 21 Jan., 
and 22 Apr. 1959. 


are the result of such a study. It is interesting 
to note that on the first one of the 12 days 
under discussion the phase of the first har- 
monic differs considerably from the mean of 
the whole class of days. Because of the una- 
voidably big standard errors the phases are not 
significantly different at Murchison Bay and 
Uppsala. However, the removal of this partic- 
ular day has a remarkable effect on the means 
for the remaining 11 days (Fig. 14). At Mur- 
chison Bay the phase remains the same while 
the amplitude increases by a factor of approxi- 
mately two. At Uppsala the phase decreases. In 
this case, too, the amplitude increases. In Fig. 
14 the dotted vectors represent the means of 
the original 12 days, while the full drawn 
vectors represent the means of the remaining 


11 days. 


scale div.=0.1 per cent 42” 


Fig. 14. Diagram showing amplitude and phase of the 
first harmonic for the class I days at Uppsala (U) and 
Murchison Bay (MB). Dotted vectors: all days with 
IK max = 1+ included. Full drawn vectors: the same 


days exclusive 23 Dec. 1957. 
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A comparison between Figs. 10 and 14 
reveals that the exclusion of 23 Dec. 1957 does 
not bring the Uppsala and Murchison Bay 
vectors of the class I days into phase inside the 
standard errors as calculated from the Poisson 
distribution. However, the results indicate 
that 12 days is too short a period for the 
elimination of disturbances in the daily varia- 
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Fig. 15. Clock diagrams for the mean daily variation at 

Murchison Bay showing the phase shifts for the first 

four classes of days when the period 3 Aug. to 18 Nov. 
1958 is being removed (full drawn vectors). 


tion not correlated with the phenomena charac- 
terized by the K, indices. 

It ought to be observed that 23 Dec. 1957 
is at the end of the recovery period after a 
Forbush decrease (compare SANDSTRÖM and 
LINDGREN 1959). 

It is of some interest to study how the remo- 
val of the period 3 Aug. to ı8 Nov. 1958 
affects the phases and amplitudes of classes 
I—IV. This period had a phase which differed 
markedly from the phase during the rest of 
the Murchison Bay records (Figs. 6 and 7). In 
the case of Uppsala the phase change as well 
as the change of amplitude is negligible. For 
Murchison Bay the shifts are significant through 
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their consistency although they are relatively 
small in comparison with the limits of error. 
As can be seen from Fig. 15 the shifts are in 
the same direction in all four cases. The direc- 
tion is that expected from the removal of 
the period with abnormal phase. The results 
indicate also that the late time of maximum 
is unconnected with the geomagnetic condi- 
tions during the period in question. 

Although the amplitude of the second har- 
monic is very small in comparison with the 
limits of error there is no doubt of its existence 
especially for days with [K,]max> 3+. However, 
for the geomagnetically most disturbed days 
(7* < [K,]max = 9°) the mean amplitude does 
exceed the limits of error. 

The first year’s records from the Uppsala 
monitor reveal a significant amplitude of the 
second harmonic for days belonging to class 
IV (SANDSTROM and LINDGREN 1959). However, 
for the whole period of 36 months the mean 
amplitude for this class is insignificant. Dis- 
regarding those cases where the amplitude is 
less than the limits of error no variation in 
phase can be observed. This might be due, 
partly, to the inaccuracy caused by the small 
amplitudes. 


Concluding remarks and summary 


Undoubtedly there is a considerable day to 
day variation both in phase and amplitude. 
They have been commented upon by FIRoR 
ET AL. (1954), and by Mc CRACKEN (un- 
published thesis 1959). It is possible that some 
of these variations are due to local effects. In 
other cases, for instance 28 June 1958 (Fig. 12) 
it is doubtful whether the big amplitude is to 
be ascribed to the normal daily variation or 
to some superimposed single event. Under 
these circumstances the mean value over a 
long period becomes important not only as a 
means of reducing the influence of statistical 
fluctuations. If, as most of the evidence indi- 
cates, the main component of the daily varia- 
tion can be regarded as being due to a particle 
wind blowing along the earth’s orbit, the tilting 
of the axis of rotation of the earth will possibly 
give rise to a small seasonal variation in the 
amplitude. This seasonal variation will dis- 
appear in the yearly mean. A sideral compo- 
nent with constant amplitude will also dis- 
appear in the yearly mean. Should the ampli- 
tude not be constant it would still be diminished 
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to a minimum through the process of aver- 
aging. 

DATTNER and VENKATESAN (1959) have listed 
seven possible components of the diurnal varia- 
tion. The existence of these components has 
been derived from the theory by ALFVÉN (1954) 
concerning the origin of cosmic rays. One of 
these components is identical with the solar 
time variation which is the main subject of 
the present investigation. According to Datt- 
ner and Venkatesan most of the other compo- 
nents should more or less cancel one another 
in an annual average. This also indicates the 
yearly mean as a less complicated object of 
study than short period means. Nevertheless, 
as is shown by the Murchison Bay and Upp- 
sala records, the yearly means can be affected 
by non-recurrent periods with a differing phase 
(Figs. 7 and 8). If only they were contempo- 
rary the existence of such periods could be 
explained by the appearance or disappearance 
of one or two of the components listed by 
Dattner and Venkatesan. As in this case non- 
contemporary phase shifts occur at two stations 
on the same meridian it appears as if an 
explanation through such components is inval- 
idated. A recent investigation has led Parsons 
(1960) to suggest that at least part of these 
phase shifts are due to a universal time com- 
ponent of limited durability. 

When means for periods as short as one 
month or 27 days are being studied it is 
necessary to bear in mind that the day to 
day variability will play a prominent part. 
This fact might be responsible also for the 
phase shifts revealed by the vector sum dia- 
grams in Fig. 6. 

A period of 20 months has been employed 
for the correlation of the phase and amplitude 
variations with | K,] max. It could be argued that 
in this case, too, 12-month periods would 
offer a better elimination of the influence from 
certain variable components. However, such 
an elimination becomes possible only when 
nearly all the days of the 12 month periods 
can be employed. It might also be partly suc- 
cessful if an evenly distributed number of 
days is employed. Neither is possible for days 
sorted into classes according to their [K,]max 
values. Therefore it is necessary to allow for 
certain disturbing influences. These will not 
be serious for classes II and III, which contain 
the majority of days. As has already been 
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shown such influences might be considerable 
where days of class I are concerned. The 
results presented here can be summarized as 
follows: 

The harmonic analysis of the Uppsala and 
Murchison Bay records shows the amplitude 
of the yearly mean daily variation of the 
nucleonic component to be bigger at the 
former place than at the latter. The quotient 
between the two amplitudes is in full accord- 
ance with the assumption that the direction 
of the anisotropy is parallel to or nearly 
parallel to the orbital plane of the earth. 

The Murchison Bay records reveal that the 
anisotropy makes an angle of more than 90° 
with the radius vector from the sun. Therefore, 
if resolved in one tangential and one radial 
component the mean yearly anisotropy will 
have a radial component directed towards 
the sun. 

Making it a condition that the direction of 
the anisotropy should be the same when 
calculated from the Uppsala records as when 
calculated from the Murchison Bay records, a 
apneic correction can be found for Upp- 
sala. 

During three consecutive years the Uppsala 
records reveal only minor changes in the 
phase and amplitude of the yearly mean first 
harmonic. 

When short periods are analyzed phase shifts 
are found which do not appear simultaneously 
in the records from the two stations. 

At Murchison Bay the first harmonic exhib- 
its a small negative phase shift with increasing 
values of | K,]max- At Uppsala the first harmonic 
displays clearly the same small phase shift, 
days with [K,]max = 1+ excepted. In this latter 
case the phase is sometimes strongly shifted 
towards late hours, and the amplitude in- 
creases considerably. In one case this has been 
shown to be due to one single day with 
strongly differing phase and amplitude. This 
day had the same phase and amplitude in 
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Uppsala and Murchison Bay but affected the 
means for the two stations in different ways. 

The amplitude of the second harmonic is 
very small. The phase of the second harmonic 
varies considerably from one year to another. 
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Abstract 


The angular distribution of underwater radiance for green light has been studied in the upper 
turbid layers of the Gullmar fjord by means of a radiance meter which is lowered in the sea 
along a guide wire with a fixed orientation. A theoretical discussion considers the different 
components entering into the light field, viz. direct sunlight, skylight, and scattered light. 
On the basis of available measurements of the volume scattering function the scattered light is 
evaluated by integrating light scattered from the predominant sun beam alone. The experimental 
angular distributions of radiance compare well with the theoretical distributions. In particular 
it is demonstrated that the radiance in the angle interval + 45° from the sun attains a maximum 


below the surface. 


Our present knowledge of the angular dis- 
tribution of underwater radiant energy from 
sun and sky and its change with depth has been 
attained through a number of investigations 
employing specific instrumentation (JERLOV 
and LILJEQUIST, 1938; TAKENOUTI, 1940; 
WEHITNEY, 1941; DUNTLEY ef al., 1955; SASAKI 
et al, 1955; TYLER, 1958). It is manifest 
that in the upper layers the radiance distribu- 
tion is much predominated by direct sunlight 
whereas with increasing depth the light takes 
a more diffuse character. At great depths an 
equilibrium state of distribution is approached 
which is symmetrical round a vertical axis. 
We do not know with certainty where this 
asymptotic radiance distribution is reached. 
Measurements in clear ocean water suggest a 
depth of about 400 m (JERLOV, 1951). 

The theoretical conceptions of underwater 
radiance are to be based on some assumption 
about the volume scattering function (PooLE, 
1945; LENOBLE, 1957; PREISENDORFER, 1959). 
Considering the great variety of particles 
suspended in the sea it is realized that this 


critical factor should preferably be determined 
by experiments. ATKINS and POOLE (1952) 
have initiated such experimental work through 
a laboratory study of the angular scattering 
of light by sea water. Recently TYLER and 
RICHARDSON (1958) and JERLOV (unpublished) 
have built and used in situ instruments to re- 
cord the significant volume scattering function. 

A great deal of interest is connected with 
the passage of radiant energy through the 
interface air-water. In his above-mentioned 
investigation TYLER has studied this problem 
in the near-surface layer of homogeneous 
lake water and with an overcast sky and has 
demonstrated some principal optical effects. 
The present work is also directed to the surface 
stratum. of the sea and aims at computing for a 
clear sky the radiance as the resultant of dif- 
ferent components by employing radiance 
quantities observed above the sea together 
with a simple model for integrating the 
scattered energy. The predicted distributions 
are compared to data collected by field work, 
especially in the near-surface layer. 
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Apparatus 


The setting of the radiance meter at different 
angles requires in the first place a fixed ref- 
erence direction. It is wellknown that the 
vertical position of a wire even if weighted is 
not easily established in the sea. For these 
experiments conducted in the Gullmar fjord at 
Born Station an accurate orientation of the 
radiance meter was obtained in the following 
way. A heavy weight was anchored at 50 m 
depth off the station. A wire was tightened 
between the weight and the station bridge in 
the direction west-east and with an angle of 60° 
from the vertical. At the observations the 
meter, which was provided with two wheels, 
was lowered along this guide wire (Fig. 1). 
The meter was stabilized with a weight so 
that its measuring head could be set at different 
vertical angles in a meridional plane. Land was 
far away from the observation point in this 
plane, and the disturbing effect of land con- 
tours was judged to be inconsiderable. 

The meter was devised so as to present 
equally large surfaces above and below the 
guide wire so that the vertical angle would be 
little affected by the drag of prevailing currents. 
The depth change of the measuring head 
when rotating it was negligible. 

Sufficient sensitivity was obtained by using a 
photovoltaic cell as detector in connexion with 
an Ising galvanometer (sensitivity 41010 
ampéres per scale-unit). By means of a lens- 
pinhole system the apex angle of the cone of 


Fig. 1. The radiance meter mounted on the guide wire. 
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acceptance was limited to 7.0° in water which 
is equivalent to 9.3° in air. A high resolving 
power is desirable but there is not much to 
gain by choosing a smaller angle because of 
the wave-induced fluctuations in radiance 
which especially tend to disturb observations 
close to the sun. 


Measurements 


The radiance was measured solely in a 
meridional plane. Usually the following settings 
of vertical angle at both sides of the vertical 
line were employed: 0°, 20°, 30°, 40°, 45°, 
60°, 90°, 135° and 180°. Observations with 
settings close to the sun were obviously critical 
and must be made when the sun passed the 
meridian. The radiance at other angles being 
less dependent on the azimuth was recorded 
as near noon as possible. In the deep layers no 
attention was paid to radiance from below 
which is probably affected by the bottom. 

Experiments were conducted in June 1958 
and completed in June 1959. Weather condi- 
tions were clear sky and low wind. The sun’s 
altitude was 48—50° which corresponds to a 
refraction angle in the water of about 30°. 

As the chief object was to study the radiance 
distribution for wavelengths having maximum 
transmittance in the fjord water the meter was 
provided with a green Schott filter (4 mm 
VG 9, centre 535 my). 

At the measurements the water of the Gull- 
mar fjord showed a typical stratification with 
a top layer of less salinity and lower trans- 
parency than underlying layers. This water 
structure was studied by collecting water 
samples from different depths and determining 
their attenuation coefficient by means of an 
ELKO meter. The characteristic result was 
a homogeneous top layer with a thickness of 
2 m having an attenuation coefficient of 0.5 
mt, Towards greater depth the attenuation 
decreased rapidly. Through comparative tests 
on these water samples in a scattering meter 
(JERLOV, 1958) the total scattering coefficient 
in the top layer was estimated at 0.3 m1. 

It would be too voluminous to present the 
whole supply of observations. The material 
lends itself to a combined representation as 
the data were obtained very much under the 
same conditions. Radiance in a logarithmic 
scale as a typical function of depth for different 
angles is given in Fig. 2. It is noted that the 
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Fig. 2. Observed radiance for green light (535 my) as a 
function of depth for different vertical angles. The sun 
at +30°. 


radiance for angles between 0° and + 60° attains 
a maximum below the surface. This maximum 
is most conspicuous for + 60°. 

The representation of the angular distribution 
is restricted to o m and 1.86 m depth, i.e. to 
the homogeneous top layer (Fig. 3). These 
curves will later be compared to those theo- 
retically derived. 

An instance of radiance distribution followed 
to great depth is adduced in Fig. 4. It is evident 
that the approach to a pattern symmetrical 
round the vertical is for green light not fully 
accomplished at 30 m depth. 


Theory 


The different components will be considered 
separately, viz. direct sunlight, skylight and 
scattered light, which enter into the total flux 
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Fig. 3. Angular distribution of observed radiance (535 
my) at surface and at 1.86 m depth. 
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available to the radiance meter. The discussion 
is confined to the vertical plane through the 
sun. 

Most of the energy passing the surface layers 
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Fig. 4. Angular distribution of observed radiance (535 

mu) followed down to 30 m depth in order to illustrate 

the approach to a distribution symmetrical round the 
vertical. 


is direct sunlight. Accordingly, the radiance 
distribution solid is in the surface layer much 
elongated in the sun’s direction. This is Auctu- 
ating in a degree dependent on the formation 
of surface waves. 

The penetration into the sea of the diffuse 
skylight exhibits some wellknown features. 
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Fig. 5. Change and compression of skylight (535 mu) 
from air to water (surface, 1.86 m and 4 m depth). 


With a flat surface the light field is by refraction 
compressed within a cone of an apex angle 
2 x48.6°. It is evident from Snell’s law that 
the edge of this cone corresponding to high 
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angles of incidence is fair:y stable and not much 
affected by waves. 

Leaving, for the present, reflexion losses 
out of account a beam of radiant energy is 
considered which passes from air to water 
through a flat water surface, the angles of 
incidence and refraction being i and j respec- 
tively. The geometry of the light beam is 
characterized by the solid angle Aw, in air 
and Aw, in water. The relation between 
these solid angles is 


Aw, 


Aw, 2xsinj Aj 


2asinidi 


With the aid of Snell’s law, sin i/sin j=n, it 
follows 


| (1) 


As mentioned this type of radiance meter 
collects flux within a solid angle which in 
air is n? times as large as in water. Conse- 
quently, readings taken in air in the direction 
i should be multiplied with cos i/cos j in 
order to convert them to readings in water 
in the direction j. It remains to pay regard to 
reflexion losses at the water surface. The mag- 
nitude of this reflexion is evaluated according 
to Fresnel’s formula for unpolarized light. 
Furthermore it is observed that the window 
of the measuring head in air reflects a percent- 
age of 4 % which almost disappears in water. 

The typical change and compression of the 
skylight field from air to water is illustrated 
in Fig. 5. These underwater values depicted 
for o, 1.86 and 4 m have been computed on 
the basis of observed atmospheric values by 
applying the above conversion. 

An interpretation of the scattered light must 
proceed from a determination of the volume 
scattering coefficient B (9). JERLOV has measured 
for green light the factor B(p)/b, where bis 
the total volume scattering coefficient. By 
definition 


b= J B(pdo= 2x JB(p)snpdp () 


These results shown in Fig. 6 are well 
representative for the Gullmar fjord in the 
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early summer. They give evidence of a 
pronounced forward scattering and of mini- 
mum scattering at about 120°. 

It is reasonable to presume that in the near- 
surface layer the sun is the primary source of 
scattered light. The radiance from the upper 
hemisphere may accordingly be derived by a 
simple integration if multiple scattering is 
neglected. 

Let E, be the irradiance at the surface. The 
small volume element, dv, at P is irradiated by 


(see Fig. 7) 


bee secj 
The irradiance at Q will be 


ce 
dE = Eye- «sci BG dr ea 


where dv =r? do dr. 
By integrating with respect to randintroducing 
the radiance L=dE/dw it is found 


ve, APP) an asec 
ea c secj=sec.d 
a) (3) 


L(+) referring to positive and L(-) to nega- 
tive 0. 


Yes at N 
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Fig. 6. The ratio between the volume scattering function 


B(œ) and the total scattering coefficient b for green light 
(JERLOV). 
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Fig. 7. Sketch of primary scattering of sunlight. 


In the special case of |6|=|j|, which has a 
significance only for negative #-values, equa- 
tion (3) reduces to the simple form 


L(-)= Eye BCI) e-cvci (4) 


Similar integrations have been performed 
by Le GRAND (1939) assuming isotropic 
scattering, by LAUSCHER (1947) and by TAKE- 
NOUTI (1949) both dealing with pure Raleigh 
scattering. 

Equation (3) has some important applications. 
Maximum in radiance is attained at a depth z,, 


1 Insec 6 - Insec j 


; (s) 


c secd.-secj 


This formula is identical with that found by 
LAUSCHER who also points out that for 9=j 


I 
Si = cos 0 (6) 
In this case 
of 
Ju = By OED = (7) 


It is gathered that the field of scattered light 
is built up in magnitude unto a certain depth 
which is independent of the scattering function. 
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An application of equations (3)—(7) will give a 
concrete illustration of the radiance of scattered 
light as a function of depth. With reference 
to the measurements, the j-value is chosen at 
30°, the c-value at 0.5 mt and the b-value at 
0.3 m !. The estimating of E, is beset with 
some difficulty. We have adopted the atmos- 
pheric value converted to underwater irra- 
diance according to the same arguments as 
given for skylight. Thus we take it for granted 
that the glitter pattern of the sun has the same 
angular subtense as the radiance meter. Though 
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Fig. 8. Computed radiance of downward scattered light 

(535 m y) as a function of depth for some vertical angles. 

Positions of radiance maximum are indicated by small 
circles. 


this is supported by the observations it is noth- 
withstanding subject to uncertainty. 

The set of computed curves are shown in 
Fig. 8. They demonstrate that the radiance 
maximum is encountered at the greatest 
depth, 1.86 m, for #—0° and that it moves to 
the surface when # grows to 90°. 

The radiance of light scattered from the 
lower hemisphere is deduced in a similar way. 
It will come out by integrating from the 


depth z to infinite depths as follows 


ee) sec 0 


- e-zsecj 8 
c sec J+ sec 0 (8) 


PE 


In this case the light field continuously reduces 
in magnitude when the depth increases. 

It must not be disregarded that upward 
scattered light is reflected against the water 
surface and enters into the light field of the 
upper hemisphere. Particularly in the angle 
interval 48.6°—00° (with a flat surface), where 
total reflection takes place, this light contri- 
bution is appreciable. 

The light scattered upwards from an infinite 
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Fig. 9. Angular distribution of upward scattered light 
(535 mu) at surface, 1.86 m and 4 m depth. Reflexion 
takes place at the sea surface in the interval +90° to —90°, 
and total reflexion between +48.6° and + 90° as well as 

between — 48.6° and — 90°. 
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Fig. 10. Angular distribution of computed radiance (535 
my) at surface, 1.86 m and 4 m depth. 
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path is thus distributed over all angles. The 
radiance is evaluated from equation (8) with 
the mentioned numerical values and with 
reflexion values obtained from Fresnel’s for- 
mula. The resulting surface distribution (Fig. 9) 
exhibits a profound minimum between + 48.6° 
and - 48.6°, where reflexion is low, as well as 
two maxima at +90° and - 90°. The former, 
being against the sun, is much more cons- 
picuous than the latter. Another slight maxi- 
mum at —150° is attributed to pure back- 
scattering (at 180° from the sun). The change 
of radiance with depth is very drastic for the 
totally reflected light close to 90° on account 
of the depth function e=sec®, 

Finally the total light field is yielded by 
adding the different components examined 
under the assumption of clear sky and flat 
water surface. The three curves in Fig. 10 
representing distributions at 0, 1.86 and 4 m 
give evidence of the strong predominance of 
radiance near the sun. The sudden fall of 
surface radiance at the critical angle of 48.6° 
becomes less conspicuous towards greater 
depth. The two outstanding peaks at 90° in 
the surface distribution are almost extinguished 


at depth. 


Discussion 


The conclusions centre on a comparison 
between radiance distributions obtained experi- 
mentally (Fig. 3) and those obtained theoreti- 
cally (Fig. 10). On the whole the characteristic 
features in the two sets of curves are consistent. 
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The 1.86 m curve is in both pictures well 
above the surface curve between — 10° and 
+ 80°, or about in the interval + 45° from the 
sun, and also in a small angle interval at - 55°. 
Existing discrepancies may be explained as the 
effect of wave motion at the measurements 
which is apt to smooth out fine details in the 
theoretical pattern derived for at flat surface. 
Thus the minimum at + 50° combined with 
the maximum at + 90° in the theoretical sur- 
face distribution is almost completely levelled 
off in the experimental distribution, chiefly on 
account of fluctuations of the scattered light 
from below totally reflected at the surface. 
The computed slight maximum at — 150° does 
not show up in Fig. 3 because of lack of 
sufficiently dense observations in this region. 

The radiance distribution in the sea has been 
sketched in its general outline twenty years 
ago. Improved technique has later made 
possible the finding of significant details. An 
investigation by Sasaxt et al. has given clear 
evidence of the peak of radiance which occurs 
at 90° though they did not interpret this as a 
maximum. The mentioned distributions with 
an overcast sky obtained by TyzeR are in 
comparable features consistent with the present 
results. 

It may be inferred that the observed radiance 
in the upper layers of the sea conforms with a 
theoretical conception based on a simple inte- 
gration of light scattered from the sun beam 
alone. This assumption does not hold true at 
greater depths where the direct sunlight has 


lost its predominating character. 
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LETTERS* TO THE EDITOR 
Diurnal Wind Variation 


“The diurnal variation of the wind” by G. J. Haltiner, 
Tellus, II, pp. 452—458 (1959). 


Dear Sir, 

In this article, G. J. Haltiner obtained numerical 
solutions for the diurnal variation of wind in the 
friction layer, allowing the coefficient of eddy 
viscosity to vary with height and time. Concluding 
that the results of this study showed some agreement 
between the theoretical representation of the diurnal 
wind variation and observed data evaluated by 
Buajıtrı and BLACKADAR (1957), Dr. Haltiner attri- 
buted disagreement in significant features of the wind 
field to the functional forms used for the coefficient 
of eddy viscosity. I would like to suggest that there 
is another possible source of disagreement, namely, 
the diurnal variation of the geostrophic wind, a 
factor that apparently has not been considered in 
models of this type. 

To illustrate the likelihood of such an effect, we 
may compare the magnitudes of the “local accelera- 
tion”, Ju’ /dt, and the pressure gradient force in the 
first of the equations of motion, linearized to satisfy 
the diurnal variations only (Harris, 1959). For the 
data in Figure 4 of Dr. Haltiner’s paper, a representa- 
tive value of the amplitude of the wind component 
in the friction layer appears to be about 2.5 m sec-1, 
so that the amplitude of du'/?t would be about 
1.8 x 1072 cm sec=?. I do not know what correspond- 
ing value for the variation of the geostrophic wind 
would be appropriate to these data, but at Washing- 
ton, D.C., I found the diurnal variation of the 
component of the pressure gradient force per unit 
mass, Ap’ /2dx, to be 


1.45 X 10-* sin (wt + 123°) cm sec-?, 


the semidiurnal term being much smaller. This 
value, which applies to the surface and the month 
of June, was found by analyzing maps of the ampli- 
tude and phase of the diurnal pressure variation for 
stations in the eastern U.S., graphing the results along 


a section through Washington, and evaluating the 
spatial derivatives of the amplitude and the phase. 

The value of 1.45 x 1072 cm sec~?, incidentally, is 
very nearly an order of magnitude larger than one 
would infer from the passage of a simple progres- 
sive wave of the appropriate amplitude (0.9 mb). 
It must be somewhat greater than the average for 
the United States as a whole, for the pressure wave 
shows unusually marked changes along the Atlantic 
seaboard. Presumably the magnitude should de- 
crease with elevation, like the pressure wave itself, 
but I believe it would still be appreciable throughout 
the friction layer. At Washington in June a represen- 
tative amplitude for du’ /dt is about 0.6 x 107? cm 
sec”? for the first harmonic, so that the diurnal 
variation of the pressure gradient force in the lower 
layers of the atmosphere at Washington is probably 
even larger than the acceleration. 

It may be that at other localities also the diurnal 
change of the geostrophic wind is appreciable in 
comparison with other terms in the equation of 
motion, and must therefore contribute to the 
observed wind variation. I feel that one should be 
aware of this possibility in comparing the results 
of theoretical models, based on the usual assump- 
tions, with the results of observation. 


Sincerely yours, 
Miss F. HARRIS 


U. S. Weather Bureau 
Washington, D. C. 
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Reply 
Dear Sir, 


Mr. Harris’ suggestion that part of the diurnal 
variation of the wind is due to the diurnal pressure 
variation is certainly a valid one, and the informa- 
tion he has furnished regarding the pressure variation 
permits an evaluation of this influence. Some 
indication of the possible magnitude of this contri- 
bution may be obtained by integrating the hori- 
zontal equations of motion with the following 
simplifying conditions: constant density, no friction 
and zero horizontal variation of velocity. If we 
now express the pressure in terms of the mean 
pressure p plus the component which varies diurnally 
p', namely, p =p + p’; the equations of motion may 
be written 


ou ıop top’ 


+ fv 


PY Eu 0 0x 00x 
a 22, ,; (1) 
dt oy op 


where f is the Coriolis parameter. 

Next we may express the mean pressure force in 
terms of the equivalent geostrophic wind compo- 
nents, 


Finally, utilizing Harris’ expression for the periodic 
component of the pressure force 


, T 9 
EE ies à x 102 sin (ot + 123°; - 2 —® 


o 0x 0 oy 


we obtain the following system of equations: 


’ { dv! 
us 1.45 x 10-2 sin (cf + 123°) + fv; ae =—fu 

(4) 

where u’ =u—u,, v'=v—v, (s) 


The expressions on the left in Eqs. (4) are permissible 
since u, and v, are invarient with time. 
The solution of the system (4) is easily found to be 
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; 1.45 x 102 
w’ =k, sin ft + ky cos ft + —7,— — cos (we + 123°) 
w 


frm 
(6) 
: ASC TORE. 
v’ =k, cosft —k, sin ft— in (wot + 123°) 


where k, and k, are constants and f+. 

The first two terms on the left in the expression 
for u’ and v’ give the inertial oscillations, while the 
last term in each expression gives the contribution 
resulting from the diurnal pressure variation. At 
45° latitude the latter terms give velocities of about 
three to four knots which represent deviations from 
the mean geostrophic wind. 

If the friction force is added to Eqs. (4) the solu- 
tion is not so simple; and the effect of the diurnal 
pressure variation is more difficult to assess. It may 
be noted however that the effects of the diurnal 
pressure variation and the inertial oscillations are 
similar in the solution given by (6). Hence they may 
act somewhat similarly when friction is included. 
In the solution for the diurnal wind variation which 
did not include the diurnal pressure variation 
(HALTINER 1959), inertial oscillations are damped 
where the friction force is large. However, aloft 
where the friction force is comparatively small, any 
unbalance between the pressure and Coriolis forces 
gives rise to a distinct inertial oscillation. A similar 
condition may occur when the diurnal pressure 
variation is taken into account. In order to determine 
these influences more completely some numerical 
solutions are being obtained through the use of a 
high-speed electronic computer. It would be 
desirable here to know the vertical variation of the 
component of the pressure gradient resulting from 
the diurnal pressure variation. 


Yours very truly, 


G. J. HALTINER 
U. S. Naval Postgraduate School 
Department of Meteorology 
and Oceanography 
Monterey, California 
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